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The engineering applications of spintronics devices utilizing both charge and 
spin properties of electrons require host materials (eg ZnO) for spintronics to 
possess ferromagnetism above room temperature. In this thesis, room temperature 
ferromagnetism (RTFM) was found in several ZnO related films as well as some 
carbon (C) based polymers. Through detailed study, the proposed promising host 
materials for spintronics applications were Co doped ZnO, Al doped ZnO, Pt 
doped ZnO, Fe doped In2O3, Pt doped oxides and defects-related C systems. The 
origin of ferromagnetism in these systems was investigated. Ferromagnetism was 
correlated with structural defects such as oxygen vacancies in the oxide samples. 
Similarly, the interaction of dangling bonds of C (defects) was the cause of RTFM 
in  C related systems. 
1) Room temperature ferromagnetisms (RTFM) was observed in both Co doped 
ZnO and Fe doped In2O3 films. The magnitudes of saturation magnetizations 
(Ms) were highly correlated with the doping concentrations of magnetic ions. 
The ferromagnetic properties were independent to carrier concentrations in 
the films. The carrier mediated ferromagnetism was also ruled out as a 
possible origin of ferromagnetism.  
2) RTFM was also successively found in non-magnetic elements doped ZnO 
films. Therefore, the magnetic phase segregation induced ferromagnetism 
was ruled out as a possible ferromagnetism origin as these films were free of 
intentionally-doped magnetic ions. Metallic Al, Pt or Zn doped ZnO films 
showed ferromagnetism with Curie temperature (Tc) well above room 
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temperature while Ag or Au doped ZnO films were non-ferromagnetic. The 
ferromagnetism might be attributed to the interaction of metal clusters and 
ZnO matrix. Charge transfer between Al and ZnO was reported by XPS study 
and the ferromagnetism could be explained by Coey’s charge transfer model.  
Furthermore, room temperature ferromagnetisms were also observed in ZnO-
Al2O3 and ZnO-MgO films. Ferromagnetism was correlated with the defects 
density in the film. A possible mechanism to explain RTFM in these 
nonmagnetic elements doped ZnO films was either donor impurity band 
model or charge transfer model, in which structural defects were taken 
consideration in.  
3) RTFM was observed in Pt NCs/(Al2O3, ZnO or SnO2) films while no 
ferromagnetism was found in Pt NCs/(MgO or SiO2) films. The 
ferromagnetism was dependent on Pt NC size and matrix. The surface spins 
of Pt NCs mediated by hopping electrons via RKKY coupling might be the 
mechanism for RTFM.  
4) RTFM was found in C doped ZnO films with highest saturation 
magnetization of 1.1 emu/cm
3
 with corresponding C doping concentration of 
2%. The ferromagnetism could be explained by the interaction of C 2p and O 
2p states. The ferromagnetism is enhanced by C and N co-doping into ZnO 
films.  
5) RTFM was observed in some C derivatives such as Teflon tape and 
Polyethylene (PE) after mechanical stretching, cutting or annealing. The first 
principles calculations showed that the magnetic moments originated from C-
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dangling bonds and ferromagnetism was established through strong coupling 
between neighboring C-dangling bonds in the 2D network formed in the 
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1 Chapter 1 Introduction 
1.1 Overview of oxide based magnetic semiconductors 
The semiconductor size is dramatically shrinking in the recent years after 
realization of quantum effect. In the conventional semiconductors, particularly Si-
based functional devices, only charge property of electrons has been fully utilized. 
Recently, spin property of electrons has drawn extensive attentions since the 
discovery of giant magnetoresistance (GMR) effect by Grünberg and Fert in 1988, 
who won the Nobel Prize in physics in 2007. Due to the advances of 
semiconductor science and technology, the manipulation of the spin degree of 
freedom of electrons in semiconductors becomes possible. This may lead to create 
a novel device with dual functionalities—processing information and storing data 
at the same time. Even using the spin alone can increase data processing time 
dramatically and concurrently, reduce power consumption compared to the 
conventional semiconductor devices [1], which are considered as the main 
advantages of spin-electronics devices.  
The major challenges in the progress of spintronics include the optimization 
of spin lifetime in a spintronics material, the enhancement of spin injection 
efficiency across heterogeneous devices structure, the detection of spin coherence 
in nano-scaled devices, and manipulation of both spin and charge degrees of 
freedom of electrons in an extremely fast time scales [1]. Therefore, the searching 
of a range of suitable materials for spintronics devices becomes demanding and 
challenging. There are several criteria for spintronics host materials：(1) long 
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spin lifetime, (2) high spin injection efficiency, (3) compatible with current 
semiconductor technology. In order to integrate the novel devices into the existing 
semiconductor technology, a silicon based material seems to be a superior choice 
for spintronics. Huang et al recently found sufficiently long spin lifetime for spin-
polarized electrons transporting in Si host material [2], which may lead to a 
successive fabrication of spintronic circuits intimately compatible with existing Si 
based logic and potentially enhance the performance of Si devices that cannot be 
achieved by conventional approaches. 
Despite the possible achievement of sufficiently long spin lifetime in Si, the 
extremely low spin injection efficiency from the ferromagnetic source material to 
the Si host material hinders the progress of Si-based spintronics. Ferromagnetic 
semiconductors such as doped GaAs or ZnO are predicted to be ideal choices [3]. 
The advantages are ferromagnetic semiconductors can potentially serve as a 
source for spin-polarized carriers and integrate with existing semiconductor 
devices [4]. Electrical spin injection in a ferromagnetic semiconductor 
heterostructure was demonstrated by Ohno et al [5]. Spin-polarized holes were 
created in p-type ferromagnetic semiconductor (Ga,Mn)As below Curie 
temperature, measured by the magnetic circular dichroism (MCD) [6]. Besides, 
Ohno et al [7] experimentally demonstrated that the transition temperature of hole 
mediated ferromagnetism in Mn doped InAs layer could be tuned by an applied 
gate voltage in an insulating-gate field effect transistor (FET) structure. Since the 
first demonstration of ferromagnetism in Mn doped GaAs dilute magnetic 
semiconductor (DMS) [8], it is always considered as a promising host material for 
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spintronics device. However, the Curie temperature of Mn doped GaAs was 
demonstrated so far up to 110K [9], which was much below room temperature 
(300K) for engineering applications. The mechanism of ferromagnetism in Mn 
doped GaAs can be explained by the modified Zener model proposed by Dietl [3] 
based on the hole mediated ferromagnetism and the details of this model is 
discussed in section 1.2.  
In light of Dietl’s prediction that transition metals (TMs) doped ZnO systems 
possess room temperature ferromagnetism, many research works have been drawn 
to discover a new class of ferromagnetic semiconductors with high temperature 
ferromagnetism. Following the initial observation of high temperature 
ferromagnetism in Co doped ZnO by Ueda et al [10], several research groups 
reported that the Co doped ZnO film or nanoparticle was a potential candidate for 
dilute magnetic semiconductor host material [11-14]. Aligned with room 
temperature ferromagnetism observed or theoretically calculated in other 
transition metals (eg, Ni or Fe) doped ZnO films [15-17], it seems that high 
temperature ferromagnetism can be achieved in TMs doped ZnO. However, many 
controversial reports strongly disagreed the intrinsic property of high temperature 
ferromagnetism in the TMs doped ZnO systems [18-23]. The secondary phase 
formation [21], oxygen vacancies [22, 24] or Zn interstitials [25] are possible 
origins of ferromagnetism. Furthermore, some research groups even did not find 
any high temperature ferromagnetism in TMs doped ZnO [26-29]. Recently, non-
TMs doped ZnO [30-33] and even undoped ZnO [34-36] systems showed room 
temperature ferromagnetism. Therefore, it was generally agreed that the 
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ferromagnetism in doped or undoped ZnO system was in the dependence of 
preparation methods and the exact mechanism of ferromagnetism in ZnO-based 
systems was still not very clear. However, some models introduced in the 
following sections may provide partial explanation or at least give some clues to 
the origin of ferromagnetism.    
 
1.2 Modified Zener model 
The discovery of ferromagnetism in Mn doped GaAs and InAs provides a 
collective examination of ferromagnetism mechanism in these transition metals 
doped III-V host materials [8, 37]. Modified Zener model [3] proposed by Dietl 
explaining the ferromagnetism in zinc-blende magnetic semiconductors is based 
on Zener’s model [38, 39], which was originally proposed for transition metals in 
1950. The model considers the ferromagnetic coupling mediated by delocalized 
holes or weakly localized holes originating from shallow acceptors in doped p-
type semiconductor such as Mn doped GaAs [3, 40]. Here doped magnetic Mn 
ions act as acceptors to provide holes as well as localized spins. In this model, 
mean field approximation is adopted by assuming that spin-spin coupling is a long 
range interaction. One merit point of this model is that it takes into account the 
anisotropy of the carrier mediated exchange interaction related with the spin-orbit 
coupling in the host material [41], though the effect of the anisotropy associated 
with epitaxial strain is not significant to influence Curie temperature (Tc). In the 
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normal approach of RKKY model, this anisotropy is difficult to be taken into 
account.  
The magnitude of magnetization highly depends on localized spins and 
mobile carriers, supplied by Mn ions doping. Therefore, in order to analyze the 
magnetization as well as Curie temperature (Tc), two situations should be 
considered here: (1) in the absence of carriers and (2) in the presence of carriers. 
In the absence of carriers, the magnetization M is related with the Brillouin 
function 
sB  according to  











                                                                                           
Eq 1.1  
where g  is the degeneracy factor, B  is the Bohr magneton, S  is the localized 
spin state, 0N  is the concentration of cation sites, 0 effN X  is the effective spin 
concentration, Bk  is the Boltzmann constant and AFT  is antiferromagnetic 
temperature describing the sum of the exchange interaction to the Curie-Wiess 
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Eq 1.2  
where cF  is the hole contribution to the Ginzburg-Landau free energy functional 
F  which depends on the magnetization of the localized spins. By using mean 
field approximation, the Curie temperature can be expressed as  
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Eq 1.3 
where   is the p-d exchange integral, FA  is the Fermi liquid parameter and sP  is 
the total density of states [40, 41].  
The values of Curie temperature are computed in Fig. 1.1, for various 
semiconductor materials particularly semiconductor oxides, with 5% Mn doping 
concentration and 3.5×10
20
 holes per cm
3
. It is noted that all these Mn doped 
oxides show p-type semiconductor behaviors. Based on Dietl’s prediction, Mn 
doped GaN and ZnO materials have ferromagnetism above room temperature. 
Ferromagnetism was also experimentally reported when Mn ions were 
incorporated into GaN system [42, 43]. Soo et al reported that Mn ions have 
substituted majority of Ga using x-ray absorption fine structure technique [43]. 
Furthermore, there is still much room to further increase the Curie temperature of 
doped oxide, by increase of p-d hybridization and reduce of spin-orbit coupling.  
 





Fig. 1.1: Computed values of the Curie temperature Tc for various p-type 
semiconductors containing 5% of Mn and 3.5×10
20
 holes per cm
3
. The red dashed 
line indicates room temperature (300K) (Modified from Ref [3]) .  
 
1.3 Donor impurity band exchange model 
As mentioned in the previous section, the modified Zener model proposed by 
Tietl can only provide suitable explanation for high temperature ferromagnetism 
in p-type doped semiconductors [3]. However, n-type doped semiconductors, 
particularly ZnO, were recently reported to possess ferromagnetism above room 
temperature [17, 24, 36, 44-47]. With the comprehensive literature review of 
ferromagnetism in dilute magnetic semiconductors, Coey et al [48] summarized a 
set of symptoms associated with the high temperature ferromagnetism in these 
transition metals doped oxide materials. The oxides are generally n-type 
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conductive, which is attributed to the existence of intrinsic structural defects such 
as cation interstitials or oxygen vacancies. Ferromagnetism is not related to the 
conductivity of the oxide films, some insulating oxide films show high 
temperature ferromagnetism as well. Furthermore, the concentration of 3d dopants 
is much below the percolation threshold (χp) associated with nearest-neighboring 
cation coupling. Last but not least, the ferromagnetic properties of samples with 
the same nominal composition highly depend on the preparation conditions and 




Fig. 1.2: Representation of magnetic polarons. The cation sites are represented by 
small circles. Oxygen is not shown and unoccupied oxygen sites are represented 
by squares (modified from Ref [48]).  
 
Coey et al proposed an impurity-band exchange model to explain the high 
temperature ferromagnetism in transition metals doped oxide films [48]. The 
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impurity-band exchange model is based on the conjunction of bound magnetic 
polaron (BMP) model and Heisenberg exchange model. As transition metal ions 
are incorporated into wurtzite ZnO structure at Zn
2+
 ions sites, the non-
equilibrium film growth leads to structural defects, which are located arbitrarily 
throughout the sample. The formation of one charge-compensating electrons due 
to one oxygen vacancy creation produces one polaron [49], as shown in Fig. 1.2. 
An electron associated with a particular structural defect is restricted to a 
hydrogenic orbital of radius of *
0( / )Hr m m a , where   is the high frequency 
dielectric constant, m  is the electron mass, *m  is the effective mass of the donor 
electrons and 0a  is the Bohr radius (0.53 Ǻ). Taking Co doped ZnO as an 
example, m / *m =3.57, and  is approximately equivalent to 10 [50, 51]. Thus, Hr  
is estimated to be 18.9 Ǻ in Co doped ZnO film.  
The formula of Co doped ZnO can be written as 1( , )x xZn Co O  , where 
represents a defect caused by donor, p  is the defect percolation threshold. 
Assuming  =10 and m / *m =3.57, p can be calculated by the equation 
3 4.3p   with 
*( / )m m  [50, 52]. Using the value of p  obtained 
( p =9.45×10
-5
), the critical concentration of oxygen vacancies n  can be 
calculated by /p on n  , where on  is the oxygen density in the sample. In the 




 [48] and  n  is 




. The hydrogenic electrons overlap to form an 
impurity band as the donor concentration increases. By coupling with 3d magnetic 
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cations, the donors tend to form bound magnetic polarons (BMP). A electron 
trapped in a defect was experimentally demonstrated using a C-V measurement, 
which exhibited a hysteresis with a large memory window of 0.6 V, providing an 
evidence of bound magnetic polaron formation [53]. The interaction of 




H J S s
  
                                                                                                                                  
Eq 1.4 
where S  is the spin of the doping cation and s  is the donor electron spin and 
ijJ is the exchange parameter. The hydrogenic orbitals tend to extend widely to 
overlap with a large number of BMPs except those distant and isolated BMPs. 
Therefore, a long magnetic order can be achieved through such interaction, which 
leads to macroscopic ferromagnetism. In this model, both polaron percolation ( p ) 
and cation percolation ( px ) are two key factors determining the magnetic ordering 
in the samples. Ferromagnetism is likely to occur when p   and px x [48]. It 
is also to note that beyond px , the continuous paths throughout the samples 
joining neighboring magnetic cations lead to either antiferromagnetic and 
ferrimagnetic coupling, as illustrated in Fig. 1.2.  
It is quite unambiguous that the origin of ferromagnetism is independent of 
the free carrier concentration and traditional RKKY indirect interaction is not 
necessary related to the long range magnetic ordering. This model is quite well to 
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explain high temperature ferromagnetism observed in insulating dilute magnetic 
oxide film [49], whereas the modified Zener model cannot provide an explanation.   
  
 
1.4 Charge transfer model  
In the donor band exchange model, the ordered moments reside on the 3d 
dopant ions. Many recent research works reported that the observed saturation 
magnetizations exceeded the maximum value that could be associated with 
ferromagnetically aligned dopant ions [54-56]. Even undoped ZnO films or 
nanoparticles (NPs) have been demonstrated to possess unexpected room 
temperature ferromagnetism [35, 57-60], which is believed to associate with the 
existence of structural defects. The structural defects in pure ZnO NPs were 
detected using Raman [58]. Furthermore, Garcia et al [61] found ferromagnetism 
in ZnO nanocrystals (NCs) when they were coated with organic molecules, 
wherein the electronic structure of ZnO had been modified. Hence, the ZnO NCs 
showed room temperature ferromagnetic behavior even in the absence of 
magnetic ions. Neither the modified Zener model nor donor band exchange model 
can explain the phenomenon mentioned above.  




Fig. 1.3: Schematic of charge transfer model. The splitting of the defect band 
occurs when electrons are transferred into the defect band from the charge 
reservoir at the vicinity.  
 
A new model namely, charge transfer model is proposed to explain the 
possible ferromagnetism origin in defect-ridden oxides [62, 63]. Unlike the earlier 
impurity band model with ordered 3d local moments and Heisenberg exchange 
within magnetic polarons as discussed in section 1.3, the charge transfer model is 
considering Stoner-type ferromagnetism with non-uniform distribution of 3d ions 
which does not directly contribute to the ferromagnetic moment.  
There are three critical features of charge transfer mechanism [63]. Firstly, 
the density states of defect band is high enough near the Fermi level (EF). 
Secondly, the presence of a charge reservoir allowing the electrons transfer is 
required. Lastly, the effective Stoner exchange integral I associated with defect 
states is large. In a conventional Stoner ferromagnet, the magnetization is uniform 
and it can be determined by the density of states at the EF. However, the 
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magnetization is non-uniform and only some regions behave ferromagnetic in a 
charge transfer ferromagnet.  
It is known that there are several configurations for defects distribution. The 
defects can accumulate at the grain boundaries, aggregate at the sample surface, or 
they can uniformly distribute throughout the sample, eventually to form a defect 
band, which is analogous to the impurity band as introduced in section 1.3. 
Nevertheless, the volume of defects occupied is very small (1-5%) comparing 
with the sample volume [62]. Straumal et al demonstrated that the magnetization 
in Mn doped ZnO film was correlated with the grain boundary volume [64]. 
Electrons from the charge reservoir in the vicinity of the defects  transfer into the 
defect band and increase the density states at the EF, leading to defect band 
splitting and ferromagnetic ordering, as illustrated in Fig. 1.3. The Stoner criteria 
( ) 1FIN E  ( I is the Stoner exchange integral and ( )FN E is the density of states at 
EF) is satisfied due to high density states when electrons are transferring to the 
defect band. In the thermodynamic point of view, the mechanism is valid when 
energy gain from exchange splitting of defect band can compensate both the 
kinetic energy required for the band splitting and energy needed for transferring 
electrons from the neighboring charge reservoir.  
In the case of DMSs, the charge reservoir can be supplied by 3d dopant ions, 





).  Furthermore, this charge transfer model does not only apply to 
ferromagnetism in DMSs, but also explain d
0
 ferromagnetism, as long as the 
charge reservoir is present. For example, Garitaonandia et al reported direct 
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observation of the intrinsic magnetization behavior of Au particles capped by thiol 
using XMCD technique [65]. In the present case, defects located at the surface of 
Au particles form a defect band, the capped thiol provides a charge reservoir for 
electrons transferring to the defects band, resulting in room temperature 
ferromagnetism.   
 
1.5 Review of modified Zener model, donor impurity band 
exchange model and charge transfer model 
The modified Zener model can explain the high temperature ferromagnetism 
in transition metals doped p-type zinc-blende magnetic semiconductors such as 
ZnO very well. The donor impurity band exchange model can predict Curie 
temperature in transition metals n-type ZnO materials by considering the 
Heisenberg exchange within magnetic polarons. Charge transfer model is able to 
provide the ferromagnetism mechanism for doped/undoped ZnO, as long as the 
charge transfer takes place. Therefore, these typical models can give some 
possible explanations for high temperature ferromagnetism in dilute magnetic 
semiconductors or dilute magnetic oxides. However, the absence of a universal 
model to explain the high temperature ferromagnetism restricts further designs 
and applications of spintronics devices. Concurrently, there are other possible 
mechanisms providing explanations for the high temperature ferromagnetism in 
ZnO materials, such as nonmagnetic metal clusters inducing ferromagnetism in 
metallic Zn doped ZnO films [33] and p-p interaction inducing ferromagnetism in 
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C-doped ZnO films [30, 66], which are proposed by Yi et al from our research 
group, as illustrated in sections 1.5.1 and 1.5.2 respectively.   
 
1.5.1 Nonmagnetic metal clusters inducing ferromagnetism in ZnO based 
materials  
Yi et al previously reported that metal Zn doped ZnO nanowires and films 
showed room temperature ferromagnetism [33]. Zn nanowires were fabricated by 
the electro-deposition of Zn into a nano-porous anodic aluminum oxide (AAO) 
template. ZnO nanowires could be obtained by partially oxidizing Zn nanowires, 
which were housed in the AAO template at a moderate temperature ~350
o
C in air 
atmosphere for 10 hours.  
The structural characterizations (XRD and TEM) depicted that Zn doped ZnO 
nanowires fabricated with the above experimental conditions showing nanoscaled 
Zn metal clusters were embedded into the ZnO matrix. These nanowires 
possessed the high temperature ferromagnetism well above room temperature 
(300K), which was confirmed by SQUID. High resolution transmission electron 
microscopy (HRTEM) and blocking temperature analysis supported that the 
ferromagnetism was not due to magnetic contaminants. The spectrum of X-ray 
absorption near-edge of the nanowires revealed the alteration of electronic 
structure of the system. This electronic configuration change may be related with 
the impurity of Zn metal clusters, which induces ferromagnetism in ZnO matrix. 
The similar observation and conclusion were also reported by Garcia et al [61]. 
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Not only metal Zn doped ZnO nanowires possessed high temperature 
ferromagnetism, Zn doped ZnO films showed ferromagnetism as well [33].  
This electronic configuration alteration induced ferromagnetism for ZnO and 
Au has been observed by many research groups [61, 67-70]. Garcia et al found 
that the magnetic properties could be tuned from diamagnetic to ferromagnetic 
when ZnO NPs were capped with certain surfactants such as thiol. The 
ferromagnetism should be attributed to the alternation of the electronic 
configuration of ZnO NPs even in the absence of impurities [61]. Crespo et al 
reported that both permanent magnetism and magnetic anisotropy were found in 
Au NPs coated with a sulfur based capping, and no magnetism was found when 
they were coated with an ammonia based surfactant [68]. The ferromagnetism 
might originate from 5d localized holes generated through the Au-S bonds, where 
high spin-orbit coupling of Au and symmetry reduction freezed the 5d holes. 
Furthermore, the successive tuning of electronic behavior of Au NPs was 
previously reported by Zhang et al [69, 70].  With the detailed study of the 
structural and electronic properties of thiol-capped Au NPs using x-ray absorption 
fine structures (XAFS) incorporated with HRTEM, it was found that as the size of 
NPs decreased, the d-orbital charge at surface of Au atoms depleted relative to the 
bulk Au [70].  
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1.5.2 p-p interaction inducing ferromagnetism in C-doped ZnO films 
 
Fig. 1.4: First principles calculation of total (top panel) and local density of states 
(DOS) for the C dopant and a neighboring Zn atom. The dashed line shows the 
Fermi energy level (EF) (Ref [30]).  
 
For nonmetal doped ZnO such as C doped ZnO films, the presence of the 
high temperature ferromagnetism in these films was reported by Pan et al and 
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Herng et al [30, 66, 71, 72]. C doped ZnO films were fabricated by the pulse laser 
deposition. The measured magnetic moment per carbon of the films was from 1.5-
3.0 μB with varying C doping concentrations from 1-5 at%. Pan et al also pointed 
out that the ferromagnetism was attributed to the interaction of C 2p and O 2p (p-
p interaction). Fig. 1.4 illustrates the first principle calculations of density of states 
(DOS) for the C dopant and a neighboring Zn atom. The interaction of C 2p and O 
2p originates from the substitution of C into O site in ZnO and the subsequent 
generation of holes in O 2p states, leading to hole-mediated spin alignment of 
parent C atoms and thus indirect ferromagnetic coupling between C atoms [30]. 
The p-p interaction is quite similar to p-d hybridization in transition metals doped 
oxides. Herng et al demonstrated the p-type conduction of C (2%) doped ZnO 
film, which was ferromagnetic with a magnetic moment of 1.35 μB/C. 
Furthermore, anomalous Hall effect was successively detected in this film [72]. 
The ferromagnetism mechanism can be explained by the p-p interaction proposed 
by Pan et al [30].  
The high temperature ferromagnetism of C doped ZnO was reported by many 
other research groups as well [73-75]. Zhou et al found the unexpected 
ferromagnetism in C doped ZnO films fabricated by ion implantation [73]. The C 
(1 at%) implanted ZnO film showed the highest magnetic moment and the 
magnetic moment decreased with further increment of C contents. The results 
clearly showed that ferromagnetism of C doped ZnO was reproducible by 
different preparation methods. Ye et al suggested that the ferromagnetic property 
of C doped ZnO films could be tuned by C-C distance [74]. Tan et al performed 
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photoluminescence (PL) study of C doped ZnO films and demonstrated that C 
atoms acted as acceptors to facilitate p-type conduction of the films [75].  
 
1.6 Applications of ZnO based magnetic semiconductors 
Spintronics utilizing both charge and spin properties have attracted much 
attention in recent years. In the conventional electronic devices, only charge 
properties of electrons have been realized and controlled during the operation of 
information circuits [76]. Since the first discovery of giant magnetoresistance 
(GMR) effect by Grunberg [77] and Fert [78] in 1998, who were awarded the 
2007 Noble Prize for physics, the research of spintronics materials and devices 
has drawn many attentions. The advanced research work on the spin-electrons 
opens a new pathway to integrate the spin-polarized electrons into devices in 
which both storage and processing capability have been realized. Several 
spintronics devices have been experimentally demonstrated, such as spin light 
emission diodes (spin-LEDs) [5, 79], magnetoresistive random access memories 
(MRAMs) [80-82], magnetic tunneling junctions (MTJ) [83-86] and spin field 
emission transistors (spin-FETs) [87, 88]. The most remarkable achievements for 
spintronicis devices is MRAM. The first commercialized MRAM product with a 
4-Mbit memory [82] was launched by Freescale in 2006.  
In order to fully understand the working principle of spintronics devices, the 
―two currents conduction‖ model has to be introduced first, which is considered as 
a corner stone of spin-electronics. This model was initially proposed by Mott [89] 
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and then modified by Grunberg [77] and Fert [78] to explain GMR effect. Fig. 1.5 
shows a typical ―two currents conduction‖ model. A nonmagnetic layer (NM) is 
sandwiched in between two ferromagnetic (FM) layers. The starting un-polarized 
electrons have equal amount of spin-up and spin-down electrons before they drift 
to the tri-layer film. When the two FM layers are magnetized parallel (P), the 
spin-up electrons can travel through the sandwich almost without any scattering, 
providing a conductivity short path with low resistance. On the other hand, in the 
antiparallel (AP) case, both spin-up and spin-down electrons encounter scattering 
in one FM layer or the other, leading to high resistance. The detailed illustration is 
depicted in Fig. 1.5. With the basic understanding of the ―two currents 
conduction‖ model, the design and working principle of MRAM, as well as ZnO 
based MTJ, are discussed in the following paragraphs.   
     
 
Fig. 1.5: Two current model demonstrating different magnetoresistance (MR) for 
parallel and anti-parallel orientations of the magnetizations in two ferromagnetic 
layers (FM). A nonmagnetic layer (NM) is sandwiched in between the two FM 
layers. Three possible orientations of the magnetization of the two FM layers and 
their corresponding resistance are shown in (a) and (b) respectively.  
 




Fig. 1.6: Working principle of  magnetoresistive random access memories 
(MRAM).  
  
The layerout of a typical MRAM with 1T/1MTJ and its working principle are 
shown in Fig. 1.6 [1]. Current from bit line provides an easy axis switching field 
and current from digit line provides a hard axis switching field. In ―read‖ mode, 
the isolation transistor is on, a small sense current flows from the top conductor 
through the bit, which consists of three layers: (1) free magnetic layer to store 
information, (2) a tunneling barrier and (3) a fixed magnetic layer which is pinned 
by an extra antiferromagnetic (AF) layer (not shown here). When the free 
magnetic layer has the parallel magnetization orientation as the fixed layer, the 
resultant resistance experienced by the sense current is low and vice versa. Such 
phenomenon is an analog to ―two currents conduction‖ model as depicted in Fig. 
1.5. In ―write‖ mode, the isolation transistor is off. Current pulses are sent through 
both bit line and digit line. Only at the cross point of these two lines wherein the 
free magnetic layer is located, the resulting magnetic field is large enough to 
orientate the magnetization of the free layer. Hence, the binary states ―1‖ and ―0‖ 
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can be achieved by concurrently applying different directions of pulsed currents in 
both bit and digit lines. It is quite clear that a tri-layer film in a MRAM does not 




Fig. 1.7: A ZnO based magnetic tunneling junction (MTJ) layer-out. The tri-layer 
film consists of two magnetic (Zn, Co)O layers sandwiching an insulating ZnO 
barrier layer.  
 
However, a magnetic elements/alloys based MTJ (eg, a single-crystal 
Fe/MgO/Fe MTJ [90]) is not compatible to the current Si based semiconductor 
technology [1, 76]. A magnetic semiconductor (eg, transition metals doped ZnO) 
based MTJ is possible to replace the conventional MTJ in MRAM through a 
steady progress due to better compatibility. Previously, large tunneling 
magnetoresistance (TMR) was achieved in a (Ga, Mn)As-based MTJ, reported by 
several research groups [91-94]. However, as ferromagnetism can only exist at 
low temperature (<170 K) [3, 9, 95, 96], which is defined as Curie temperature of 
(Ga, Mn)As material, the operation temperatures of these MTJ are lower than 30K 
[97, 98]. Such low operation temperatures restrict further engineering applications 
of GaAs based MTJs. Therefore, the new materials possessing room temperature 
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(>300K) ferromagnetism are required to fabricate MTJs operating above room 
temperature. A (Zn, Co)O film shows room temperature ferromagnetic and its 
Curie temperature is well above room temperature, as theoretically and 
experimentally reported [19, 25, 99-103]. Ramachandran et al [102] found that 
room temperature ferromagnetism is an intrinsic property of a (Zn, Co)O film. 
Therefore, (Zn, Co)O has been selected to fabricate two ferromagnetic (FM) 
electrodes with an insulting ZnO film serving as a tunneling barrier. The 
schematic of a (Zn, Co)O/ZnO/(Zn, Co)O based MTJ is shown in Fig. 1.7. The 
top (Zn, Co)O layer acts as a free magnetic layer and its magnetization orientation 
is manipulated by an external magnetic/electric field. On the contrary, the 
magnetization orientation of the bottom (Zn, Co)O layer is pinned through 
antiferromagentic (AF) coupling by an extra underlying AF layer. The fully 
epitaxial growth of (Zn, Co)O film on ZnO film was reported by Song et al [76, 
103] and Ramachandran et al [102, 104]. Song et al demonstrated that a positive 
TMR ratio of 20.8% was obtained at 4 K and a significantly reduced TMR ratio 
(~0.35%) still remained at room temperature (RT) with applied filed 2 Tesla. 
TMR ratio was defined as TMR%=[R(H)-R(0)]/R(0), where R(H) and R(0) were 
the magnetic field dependent resistance and zero magnetic field resistance, 
respectively. Further extensive researches are still required to enhance TMR ratio 
at RT for a ZnO based MTJ.   
Another promising application of ZnO based spintronics devices is a spin 
field emission transistor (spin-FET). The first spin-FET was proposed by Datta & 
Das [87] in 1989. In this novel spin-transistor, both Fe contacts were implemented 
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as source and drain, serving as a spin injector and a spin detector respectively. 
InGaAs was used as a channel material. The current modulation in the proposed 
Datta & Das spin-transistor aroused from spin-precession due to the spin-orbit 
coupling. The Datta & Das spin-FET with utilization of the spin-orbit coupling 
has stimulated extensive research works on spin precession-controlled electronic 
semiconductor devices [2, 7, 93]. Huang et al demonstrated all-electrical methods 
to inject, transport, and detect spin-polarized electrons vertically through a 350-
micron-thick undoped single-crystal silicon wafer. A spin lifetime could be 
reached to as high as 500 ns at 60 K [2]. Unfortunately, there has no experimental 
demonstration of  spin-FETs based on ferromagnetic semiconductors until now 
yet. The major hindrance is the low spin injection and detection efficiencies at the 
source/channel and channel/drain interfaces.  
 
 
Fig. 1.8: Schematic of ZnO based spin-FET. 
 




Fig. 1.9: Working principle of a proposed ZnO based spin-FET: (a) gate is on, and 
(b) gate is off. The orientations of magnetization of source and drain are opposite 
to each other. The (Zn, Mn)O material becomes a half-metallic ferromangnet 
when a negative gate voltage is applied.  
 
Any scattering at the interface between the ferromagnet and semiconductor 
can cause spin relaxation. Therefore, a minimum conductance mismatch and high 
chemical compatibility between source and channel, as well as between channel 
and drain are required to fulfill the long spin relaxation time. Using both ZnO 
based materials as source/drain and channel facilitate highly epitaxial growth, 
which may dramatically increase the spin detection and injection efficiencies. 
Based on the successive demonstration of fully epitaxial growth of ZnO and (Zn, 
Co)O materials [103] and the concept of ZnO-based spin-FET proposed by 
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Pearton et al [105], the schematic of a ZnO-based spin-FET is depicted in Fig. 1.8. 
The above proposed spin-FET structure can be fabricated by magnetron sputtering 
and the detailed fabrication process (eg, etch of ZnO) can be found in Ref [105]. 
The proposed working principle of this device is illustrated in Fig. 1.9. (Zn. Co)O 
layer at the source serves as a spin injector, which only allows electrons with up-
spins passing through. (Zn, Co)O layer at the drain side with pre-defined opposite 
orientation of the magnetization, comparing with the orientation of the 
magnetization at the source side, acts as a spin detector. When a negative gate 
voltage (eg, -2V) is applied, the holes are accumulated at the (Zn, Mn)O channel, 
making (Zn, Mn)O a half metallic ferromagnet. It is expected to have a 100% 
spin-polarized electron flow in the (Zn, Mn)O channel. Hence, only up-spins 
electrons are able to transport to drain side. However, they are blocked by an 
opposite orientation of magnetization of the (Zn, Co)O drain side and no current 
has been detected, denoted as state ―0‖, as shown in Fig. 1.9 (a). On the other 
hand, when there is no gate voltage applied, (Zn, Mn)O does not behave as a half-
metallic ferromanget and due to spin relaxation, electrons with both up-spins and 
down-spins drift to the drain side. After passing through the (Zn, Co)O spin 
detection layer at the drain side, only down-spin electrons are detected, denoted as 
state ―1‖, as shown in Fig. 1.9 (b).   
There are still several proposed spin-FETs structures based on ZnO materials 
with different working mechanisms [105, 106]. For example, by manipulating the 
relative orientation of the magnetization of the injector and detector with a 
different in-plane external magnetic field, the magnitude of current can be 
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changed correspondingly, in analog to the spin valve [2, 88]. Therefore, the 
magneto-current ratio (MC%) can be derived from the famous Julliere’s formula 
[107].  
 
1.7 Motivations and objectives 
As aforementioned,  a new class of ferromagnetic systems consisting of 
oxide-based semiconductors with ferromagnetic like features persisting above 
room temperature have drawn intensive attention in the spintronics research area 
[9, 12, 48, 54]. Particularly ZnO has been theoretically predicted and also 
experimentally proven that it possesses high Curie temperature well above room 
temperature with the doping of transition metals, in some cases, even without 
intentional doping of foreign ions. Therefore, ZnO-based magnetic 
semiconductors are technology importance to design and fabricate spintronics 
devices for practical engineering applications. However, except the challenge to 
completely integrate ZnO-based magnetic semiconductors into the current Si-
based semiconductor technology, the major hindrance is that the mechanism of 
room temperature ferromagnetism in ZnO systems is still under debates without a 
universal theory. Since the first prediction of ZnO as a potential candidate for a 
magnetic semiconductor host in 2000 [3], extensive experimental and theoretical 
work had been focused on doped ZnO and even undoped ZnO to investigate the 
origin of ferromagnetism [58, 108, 109]. Unfortunately, the field becomes more 
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unclear and there seems no a single consolidated mechanism to explain the high 
temperature ferromagnetism in ZnO systems [9].   
All the mechanisms proposed to explain this intriguingly robust 
ferromagnetism in the past ten years can be classified into five major groups. First, 
it was suggested that the limited solubility of transition metals in the ZnO host 
materials might result in ferromagnetism due to the phase segregation and the 
formation of magnetic nano-clusters [110, 111]. Therefore, the ferromagnetic 
property at room temperature of TMs doped ZnO systems might be an extrinsic 
property. In the second group, the ferromagnetism was attributed to the p-d 
interaction in TMs doped ZnO, as illustrated in the modified Zener model in 
section  1.2. As Dietl proposed, all these doped ZnO systems showed p-type and 
the ferromagnetism was hole-mediated wherein the holes resided at the impurity 
band [3]. However, the high temperature ferromagnetism was also reported in n-
type doped ZnO films. The origin of ferromagnetism could be explained by donor 
impurity band exchange model, proposed by Coey as illustrated in section 1.3. It 
was supposed that electrons forming bound magnetic polarons (BMP) mediated 
ferromagnetic couplings between dilute transition-metal spins [48, 49]. Besides, 
the carrier-mediated ferromagnetism was also proposed and indirect spin-spin 
coupling mediated by carriers, similar to the RKKY model for the 4f magnetic 
metals, was believed to induce the room temperature ferromagnetism. A typical 
example was Co doped ZnO films, wherein several research groups claimed that 
the ferromagnetism was correlated to the carrier concentrations [45]. Last but not 
least, the charge transfer model could quite successively explain the room 
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temperature ferromagnetism in d
0 
systems such as undoped ZnO or carbon 
derivates systems. In the charge transfer model, the presence of magnetic 
impurities was either unnecessary or served merely to bring the Fermi level to the 
relevant defect states [62, 112-114]. Therefore, an exact mechanism for the high 
temperature ferromagnetism in oxide system is necessary and also prompt to 
guide the design and fabrication of spintronics devices. 
More recently, carbon-based systems considered being a new type of d
0
 
systems showing ferromagnetic property above room temperature challenged the 
basic understanding of ferromagnetism [115-118]. The ferromagnetism in many C 
nanostructures (carbon nanotube, graphene, fullerene and graphite) was attributed 
to carbon dangling bonds or vacancies [115-117, 119-121]. Investigations on 
ferromagnetism in various C nanostructures have revealed that ferromagnetic 
coupling in such systems originates from intrinsic structural defects, such as 
dangling bonds [113, 122] and vacancies [116, 121], which can change the 
localized electronic states at Fermi energy and eventually lead to a stable 
magnetic ordering. Carbon based systems such as graphenes and carbon 
nanotubes were believed as promising candidates for spintronics materials. The 
ferromagnetism mechanism in ZnO based and carbon based systems are probably 
similar [63]. Therefore, to further study the ferromagnetism in carbon derivatives 
may be helpful to find the origin of ferromagnetism in oxide magnetic 
semiconductors. 
The major objectives of this project are: 
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(1) Fabrication of a ZnO based spintronics material with ferromagnetic properties 
well above room temperature, through doping of magnetic elements such as 
Co. Investigation of the ferromagnetism origin in magnetic elements doped 
ZnO films using various characterization methods to determine which 
existing mechanism is dormant (Chapter 3).  
(2) Fabrication of non-magnetic elements doped ZnO films with high Curie 
temperature above room temperature. The study of these films to find the 
possible origin of room temperature ferromagnetism. The phase segregation 
of magnetic dopants can be excluded as the ferromagnetism mechanism due 
to no intentional introduction of magnetic elements into films (Chapter 4).  
(3) Exploration of a novel oxide system which can be a potential candidate for 
the host materials for spintronics applications. Investigation of this new 
system to find the possible origin of ferromagnetism (Chapter 5). 
(4) Enhancement of ferromagnetism in the existing ZnO films through foreign 
dopants such as C and/or N. The theoretical study of the possible mechanism 
for the enhancement of room temperature ferromagnetism (Chapter 6).     
(5) Exploration of carbon derivatives with room temperature ferromagnetism by 
intentionally creating structural defects such as carbon dangling bonds. 
Investigation of the mechanism of ferromagnetism in these derivatives as the 
possible mechanism of ferromagnetism in carbon systems may be similar to 
the one in ZnO based systems (Chapter 7).  
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2 Chapter 2 Thin film deposition and characterization 
2.1 Thin film deposition: pulse laser deposition (PLD) 
Pulsed laser deposition is a well-established thin film deposition technique. 
Besides PLD, there are several other deposition methods including sputter 
deposition, molecular beam epitaxy (MBE), chemical vapor deposition (CVD). 
Sputtering is well-known as a routine deposition for metals, dielectrics and oxides. 
MBE mainly focuses on the deposition of III-V semiconductor compounds. CVD 
is frequently applied in semiconductor industry to grow high quality thin film on 
the substrate where the volatile precursors are decomposed to form deposits.  
Comparing with other deposition techniques, PLD has many advantages including 
simplicity and versatility of the experimental set-up, a relatively low cost and high 
quality of deposited film. Moreover, PLD was demonstrated as a perfect 
fabrication for high Curie temperature (Tc) superconducting films such as YBCO 
[123]. However, the highly directional plume makes a uniform film growth over a 
large area becomes challenging. Nevertheless, the PLD system remains a desired 
choice for laboratory research.  
 
2.1.1 Set-up of PLD system 
The basic equipment set-up is illustrated in Fig. 2.1. PLD system consists of 
an excimer laser, guiding optics, a vacuum chamber, substrate and target holders, 
and two vacuum pumps (mechanical and molecular pumps). Both target and 
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substrate are housed in the vacuum chamber (in the range of 10
-4
 torr to 10
-7
 torr) 
and the excimer laser beam ablates the target, resulting in the laser plume 
consisting deposited materials. The deposited materials are grown on the substrate 
with various growing rate.  
The PLD system in our lab equipped with a KrF excimer laser (Lamda Physik 
Compex 205). Its wavelength is 248 nm, falls into an UV region. It has a high 
output delivering in excess of 1J/pulse with repetition rate from 1Hz to 50 Hz. 
The laser action takes place between a bound upper electronic state and a 
repulsive bound ground electronic state. Due to the high ratio of upper sate 
lifetime to lower state lifetime resulting in a strong population inversion, high 




Fig. 2.1: Schematic of PLD system.  
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The high quality of thin film deposition requires a focused and uniform laser 
beam. A set of optics (lenses) is placed between the output port of the laser and 
laser port of the deposition chamber, to steer and focus the laser beam before the 
laser beam ablates the target. The most crucial factor determining the quality of 
the deposited film is the laser energy, which controls the film stoichiometry and 
crystallinity. It has been found that generally the laser density should be above a 
threshold value in order to obtain the film with same stoichiometry as the target. 
Hence, the lenses should be properly selected and the spherical lenses are thus 
widely equipped in the PLD system. It is also noted that the spherical and coma 
aberrations should be minimized to achieve optimum laser energy density at the 
target surface. The spherical aberration is caused by the different focus points of 
parallel light rays close to and away from the optic axis. It can be reduced by 
using apertures to attenuate the laser beam away from the optic axis in the 
sacrifice of the reduction of delivering energy. The coma aberration is resulted 
from a variation of focal lengths as a function of the distance from the optic axis. 
Placing an aperture in front of a lens can solve the problem by only allowing the 
beam close to the optic axis to pass through.  
In our lab PLD system, the vacuum chamber was pumped by a 
turbomolecular pump (UMU520H) and a MD4 membrane pump (oil-free 
roughing). A cold cathode vacuum gauging (1×10-10 torr ~ 10 mTorr) was used 
to measure the gas pressure inside the chamber. The gas pressure of the vacuum 
chamber was tuned by introducing of foreign gases such as N2 or Ar using valves 
attached to a flow-meter. Furthermore, the substrate temperature in the chamber 
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was controlled by a heater attached behind the substrate holder with temperature 
ranging from room temperature to about 800
o
C. 
2.1.2 Mechanism of film growth using PLD 
The film growth using a PLD system is often described by three process: (1) 
ablation of a target; (2) transportation of the vapor plume to the substrate; and (3) 
film growth on a substrate.  
(1) Ablation of a target. 
Ablation of a target is caused by the high energy laser density on the target 
surface. Four primary ablation mechanisms take place: collisional, thermal, 
electronic and exfoliational ablations. In the indirected collisonal ablation, the 
momentum is transferred from the laser beam to the target surface, resulting in the 
cone formation and erosion on target surface. For the thermal ablation, the 
resultant temperature on the small constrained area of target surface where the 
laser beam focuses at is well above the melting or boiling points. Hence, 
vaporization of the target material takes place. The electronic ablation is caused 
by dense electron excitation when the target absorbs high enough laser-pulse 
energy. The particles from the target surface are emitted with high degree of 
directionality due to the close-packed nature of a solid target. Lastly, the repeated 
thermal expansion and contraction of a target generates flakes which are detached 
from the target. The process is named as the exfoliational ablation.  
(2) Transportation of the vapor plume to the substrate 
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At the high laser energy density beyond the threshold energy for ablation, the 
luminous plasma plume consisting of ionized and excited species can be observed. 
A typical temperature for a plasma plume is 5000K. After ablation in vacuum, a 
high pressure bubble of hot plasma is formed at the vicinity of the target and then 
the bubble is expanded with a highly anisotropic trajectory toward a substrate 
placed directly in line with the plume. 
 
Fig. 2.2: Schematic of thin film growth using PLD.  
 
(3) Film growth on a substrate.  
The energetic species from the plume is incident on the substrate. The schematic 
for the film growth is shown in Fig. 2.2, which involves several process. The 
particles (atoms) arrive at the substrate at various rate determined by both 
deposition parameters. These particles are subsequently either diffusing over the 
substrate to coalesce with other mobile particles for nucleation or re-evaporated 
from the substrate. When several small clusters are formed through nucleation, 
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arriving particles can directly attach to these clusters. On the other hand, the 
particles in the clusters may dissociate and re-evaporate to the ambient. The 
balance of film growth and dissolution process is eventually determined by the 
Gibb’s free energy of the system.  
There are several factors determining the film growth rate and quality of the 
film, including the laser fluence, the laser wavelength, the ambient gas pressure 
and the target-to-substrate distance. The laser fluence impacts significantly on the 
particulate size and density. Above the threshold laser fluence, both the particulate 
number and density increase dramatically with the increasing laser fluence until 
they are saturated at very high laser fluence. Therefore, the high laser fluence 
degrades the film quality while increases the film growth rate. The laser 
wavelength affects the penetration depth of the laser power into the target. The 
smaller the wavelength, the shallower the penetration depth. It facilitates smaller 
particulates formation and improves film quality. The increase of ambient 
pressure is likely to increase the collision possibility between the ejected particles 
and the ambient gas particles, which causes the retardation of deposition rate and 
the merge of particulates resulting in a poor quality of film. The effect of target-
to-substrate distance is similar to the effect of ambient pressure. The larger the 
target-to-substrate distance degrades both the film quality and the deposition rate.  
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2.2 Structural characterization 
2.2.1 X-ray diffraction (XRD) 
All the materials can be classified into two basic structures: crystalline and 
amorphous. The electrons orbiting around an atom start to oscillate with the 
exactly identical frequency as an X-ray beam hits the atom. When the atoms in a 
crystalline structure are arranged in an order manner, X-rays can form 
constructive interference in a few directions. Hence, the diffracted X-ray beam 
can be described as a beam composed of a large quantity of scattered rays 
mutually reinforcing one another [124]. Bragg's law is used to explain the 
interference pattern of X-rays scattered by crystalline materials, as shown:  
2dsinθ=nλ                                                                                                                        
Eq 2.1 
where d the lattice spacing in a crystal, θ is the angle of the incidence and of the 
diffraction of the radiation relative to the reflecting plane, n is the integer 
presenting the order of diffraction and λ is the wavelength of the incident x-ray 
beam. Thus the lattice spacing of a particular crystal can be deduced using 
Bragg’s law with a known wavelength of an incident X-ray beam, as illustrated in 
Fig. 2.3.  
For a polycrystalline powdered material with a thickness less than 100 nm, 







                                                                                                                                             
Eq 2.2 
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where t is the thickness of a crystalline material, λ is the wavelength of the 
incident X-ray beam, B is peak width measured at half intensity (radians), and 
B  is 
the angle of diffraction.  
 
 
Fig. 2.3: Schematic of Bragg’s law. The inter-planar distance is represented by d.  
 
X-ray diffraction (XRD) as a non-destructive technique has many practical 
applications: (1) to identify crystalline phase and orientation; (2) to determine the 
structural properties of a particular material such as strain effect and grain size; (3) 
to measure the thickness of a thin film etc. Furthermore, the advanced technology 
progress of producing x-ray using a synchrotron enriches XRD applications. The 
X-rays produced by a synchrotron are much more brighter than the one produced 
by a X-ray tube. The synchrotron radiation can detect the presence of trace 
elements. It also can produce tunable wavelengths of X-rays.  
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In this project, Bruker AXS (D8 ADVANCE) with monochromatic and Ni 
filtered Cu Kα radiation (λ = 1.54056 Å) was used for the thin film phase 
characterization. A standard θ-2θ scan or glancing angle scan was used to collect 
XRD spectra. In both cases, the step size and scanning rate were set to 0.01
o
/step 
and 0.05s/step, respectively. The glancing angle scan was surface-sensitive with 




, which eliminated the signals from the 
substrate.     
 
2.2.2 Scanning electron microscopy (SEM) 
SEM is primarily to study the surface or near surface structure of a sample. 
The SEM images are quite easy to be interpreted comparing to TEM images. The 
electron source is conventionally of the tungsten filament thermionic emission 
type and the electrons generated are accelerated by a potential between 1 keV and 
30 keV [125]. The schematic of SEM components and imaging process is 
illustrated in Fig. 2.4. The equipped condenser lens and objective lens are mainly 
to focus the incident electron beam onto the sample surface. When focused 
incident electrons hit the sample surface, their energy are dissipated to some 
extent, resulting in mainly in two types of escaping electrons: secondary electrons 
and backscattered electrons. SEM images can be formed by detecting either 
backscattered electrons or secondary electrons.  




Fig. 2.4: Schematic of SEM components and imaging.  
 
The backscattered electrons are generated by inelastic scattering of the 
primary incident electrons hitting the sample. These electrons can be detected by 
the Robinson detector designed to maximize the solid angle of collection. This 
type of detector provides rapid response time and fast scan rate. Another type of 
detector is the p-n junction solid state detector. When the backscattered electrons 
reach the semiconductor detector, electron-hole pairs are generated, resulting in 
current formation and thus image formation.  
On the other hand, the secondary electrons are generated by both the primary 
incident electron beam on the sample and the escaping backscattered secondary 
electrons. Unlike the backscattered electrons detection, the secondary electrons 
are detected by a scintillator photomultiplier known as the Everhart-Thornley 
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detector [125]. A small positive bias is applied on the detector to collect 
negatively-charged secondary electrons to improve the collection efficiency.  
To obtain a topographic image of a specimen, both secondary electrons and 
backscattered electrons can be used. The image obtained by secondary electrons 
detected by the Everhart-Thornley detector looks like the image of a solid object 
viewed with light. In contract, the image generated by backscattered electrons is 
more sharp. It is easy to distinguish the peaks from the troughs in the image using 
backscattered electrons detection. Except for obtaining the topographic images of 
a sample, SEM can provide the compositional images as well by utilizing the 
backscattered electrons from the specimen.  
In this project, Philips XL30-FEG-SEM was used to investigate the surface 
morphology. The beam energy was generally set to 5 eV or 10 eV. For a non-
conductive sample, Au coating with thickness of 10 nm on the surface was 
required through sputtering. The energy-dispersive X-ray spectrometer (EDS, 
Cambridge) was attached in the SEM system for the compositional analysis. In this 
analysis, a higher beam energy (10-20 eV) was applied and the working distance was 
adjusted to 10mm with collection time of 30s.  
 
2.2.3 Transmission electron microscopy (TEM) 
TEM is a powerful technique to investigate the internal structure of a 
material. The most common types of TEM have thermionic guns generating 
accelerating electrons through potential difference of 100-300 kV [125]. When the 
accelerating electrons pass through the sample, the intermediate image and 
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diffraction patterns are formed by the objective lens on the back focal plane, 
which are further enlarged by the intermediate lens and displayed on the viewing 
screen, as illustrated in Fig. 2.5.  
 
 
Fig. 2.5: Schematic of TEM imaging (in the bright field mode).  
 
The bright field and dark field modes are the two most common image 
modes in TEM. The bright field mode image is formed when the objective 
aperture is positioned so that only transmitted electrons are allowed to pass 
through, as shown in Fig. 2.5. In the dark field image, the aperture is placed in a 
manner allowing some diffracted electrons to pass through. High resolution TEM 
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(HRTEM) imaging is very useful to investigate the presence of crystal defects and 
atomic arrangement at the interface of a sample.   
Not only TEM analysis gives the structural images of the specimen, but also 
provides the diffraction pattern from a selected area (SAED) of the specimen. 
From the diffraction pattern, the inter-planar distance can be derived based on the 
equation:  
/d L r                                                                                                                                                
Eq 2.3 
where L is distance between a sample and a focal plane, λ is the wavelength of the 
electron beam determined by the accelerating voltage, and r is the distance of the 
diffracted spot and the center spot on the back focal plane.  
In this study, the structural properties of samples were characterized by the 
HRTEM (JEOL 2010) with the accelerating voltage of 20 keV. The bright field 
mode was used to image the microstructures while the dark field mode was to 
analyze the grain size of the films.   
 
2.2.4 X-ray photoelectron spectroscopy (XPS) 
XPS is widely used to detect the chemical composition of a material. XPS 
was developed in the mid-1960s by Kai Siegbahn and his research group. Each 
element has a unique XPS spectrum as a plot of the number of detected electrons 
per energy interval versus their binding energy or kinetic energy. Due to the small 
mean free path of electrons in solids, only those electrons located at the vicinities 
around the surface of solids can be successively collected and detected. Thus XPS 
Chapter 2 Thin film deposition and characterization 
44 
 
is a surface-sensitive technique for chemical analysis. To analyze the bulk 
structure much beneath the surface, Ar sputtering is required to collect the 
photoelectrons from the interior of a sample.  
 
Fig. 2.6: Schematic of XPS emission process.  
 
The basic emission process of XPS is illustrated in Fig. 2.6. A sample under 
XPS analysis is irradiated by the monoenergetic X-ray. Mg Kα (1253.6 eV) or Al 
Kα (1486.6 eV) X-rays sources are usually used in the XPS analysis [126]. These 
photons interact with surface atoms of samples and electrons are emitted by the 
photoelectric effect. The emitted electrons possessing kinetic energy (KE) can be 
expressed as 
KE=һυ-BE-φs                                                                                                                 
Eq 2.4 
where һυ is photon energy, BE is the binding energy of electron, φs is the work 
function of the sample. From the XPS spectrum, not only the elements present in 
the sample can be identified, the chemical states of the present elements can be 
determined by the chemical shift analysis with the reference of C 1s line located 
at 284.8 eV. Furthermore, the relative concentrations of the various constituents in 
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the sample can be quantitatively analyzed by comparing the relative peak area of 
respective elements after consideration of peak height sensitivity factors.  
In this project, XPS (Axis Ultra DLD, Kratos) was used for the chemical 
composition and chemical state analysis. Samples were loaded into a vacuum 
chamber with the lowest pressure of 10
-8 
torr. A Mg Kα (1253.6 eV) X-ray source 
was applied. Depth profile analysis was performed by repeated Ar sputtering 
followed by the surface scan. In general, the sputtering rate achieved by Ar ions 
was determined by the Ar incident energy.  
 
2.2.5 Raman spectroscopy  
Raman spectroscopy is a vibrational spectroscopic technique that can detect 
both inorganic and organic samples. The Raman technique is non-destructive and 
requires no contact to the sample. Unlike XPS, Raman spectroscopy is free of 
surface charging effect. When light is scattered at the sample surface, two types of 
scattered lights are obtained: elastic scattered and inelastic scattered. The elastic 
scattered light possesses the same wavelength as the incident light and this type of 
scattering is named as Raleigh scattering. On the other hand, some scattered light 
has different wavelengths due to the interaction of the incident light with optical 
phonons (Raman scattering) and with acoustic phonons (Brillouin scattering). 
Raman spectroscopy utilizes the Raman scattering effect, which was first reported 
by Raman in 1928 [127]. When the incident photon transfers energy to the lattice 
in the form of phonon, the emerging photon has lower energy. This process is 
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known as the Stokes-shifted scattering. In the anti-Stokes-shifted scattering, the 
incident photon absorbs a phonon and it emerges with higher energy [128].  
  The intensity of Raman scattered light is usually very weak. Therefore, the 
monochromatic light source such as laser is equipped. During the measurement, a 
laser beam is incident on the sample at right angle to enhance the signal-to-noise 
ratio and the scattered light is passed through a double monochromator to filter 
out Raleigh scattered light. The Raman-shifted wavelengths are detected by a 
photodetector and matched to known Raman shifts for peak identifications.  
In this project, Raman spectra were obtained with a laser Raman 
microprobes (Labram HR800,  Jobin Yvon Horiba). An argon laser with the 
wavelength of 514.6 nm (green light region) was used as the excitation source. 
The spectra were obtained in the room temperature with collection duration of 20 




2.3 Magnetic property characterization 
2.3.1 Vibrating sample magnetometer (VSM) 
The magnetic properties of sample can be measured by a vibrating sample 
magnetometer (VSM). A sample is placed in between two electromagnets and it 
undergoes vibration in the sinusoidal manner. The change of magnetic flux is 
induced due to the sinusoidal motion of the sample, which in turn induces the 
voltage in the pick-up coil. The magnitude of the VSM signal is determined by the 
magnetic moment of the sample [129].  
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In this study, magnetic properties (hysteresis loops) were measured using the 
VSM (Lakeshore 7407) with the applied field up to 21 kOe at room temperature. 
The schematic of VSM set-up is illustrated in Fig. 2.7. The sample was loaded to 
the sample holder with a vibrating source. Before the VSM measurement, a 
standard Ni foil was used to calibrate the magnetic moment of the equipment. An 
optimization was carried out for the sample by tuning both horizontal and vertical 
positions of the sample with respect to the pick-up coils until maximum moment 
was achieved at a particular external field. A hysteresis loop was obtained by 
switching the direction of external magnetic field.  
 
 
Fig. 2.7: Schematic of VSM set-up.  
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2.3.2 Superconducting quantum interface device (SQUID) 
In 1911, Kamerlingh Onnes observed that the resistance of mercury (Hg) 
was dropped to an immeasurably small value when Hg was cooled below 4.2 K, 
which was known as a superconducting state [130]. Below the transition 
temperature, certain materials become resistant-less. Such phenomenon can be 
explained by the well-established Bardeen-Cooper-Schriefer (BCS) theory [131]. 
Superconductivity is resulted from the phonon exchange between paired electrons. 
These Cooper electrons are de-paired by thermal (critical temperature), kinetic 
(critical current density) or magnetic (critical magnetic field) interaction. 
Therefore, the temperature, current density and magnetic field form a so-called 
phase space, determining the superconducting behavior. There exist two types of 
superconductors: (1) Type I superconductors are often made from metals 
completely excluding the flux inside themselves and they often show low 
transition temperatures (<20K), also named as low temperature superconductors 
(LTS); (2) Type II semiconductors generally made from ceramics have high 
transition temperatures (~100K) [132] and they exhibit a partial Meissner effect 
when the external field is applied in between a lower critical field and a upper 
critical field, also named as high temperature superconductors (HTS) [133].  
The SQUID system utilizes the Josephson effect to measure small variations 
in magnetic flux. The central element of the SQUID system is the Josephson 
junction made by a normal metal sandwiched in between two superconductors. 
Electrons have the possibility to tunnel in the Josephson junction when the 
distance is less than the coherence length and the current is smaller than the 
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critical current [134]. In this case, the Josephson junction is classified as a weak 
link. When a loop of superconductor is interrupted by a weak link Josephson 
junction, the magnetic flux threading sets up a current in the loop. Any small flux 
change from the sample causes the significant variation of the magnetic flux 
threading, inducing a detectable shielding current formation in the loop. This is 
the reason that the resolution limit of SQUID system can reach up to 10
-8
 emu 
(much higher than the resolution of VSM ~10
-6
 emu)  
The set-up of SQUID system is shown in Fig. 2.8. All the SQUIDs 
components are placed inside a Dewar (vessel), which serves a shield for thermal 
radiation, ambient electronic noise and external magnetic signals. The sample 
tube is used to house a sample in a straw and it is kept in vacuum state. The air 
lock valve is closed after loading sample. A thermal heater is used to increase 
temperature inside the sample tube and cooling is achieved by liquid He. The in-
situ temperature is monitored by a thermometer in the vicinity of the sample.  
In this project, a SQUID system (MPMS, Quantum design, USA) was used 
for the magnetic properties measurement. A sample was cut into 0.5×0.5 cm size, 
then was housed into a non-ferromagnetic straw, provided by Quantum Design. 
The straw was served as a sample holder. Some precautions have been taken to 
collect accurate magnetic signals of samples. To avoid contaminations from 
magnetic impurities, a new straw was used for each new SQUID measurement. 
To eliminate the remnant magnetic field trapped in the superconducting coils, the 
magnet was reset prior to start measurement.  
 





Fig. 2.8: Set-up of SQUID system.  
 
2.4 Optical property characterization 
2.4.1 UV-visible-IR spectroscopy 
Ultraviolet-visible (UV-vis-IR) spectroscopy refers to the absorption 
spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral region. 
The wavelength range for light source used is from 200 nm to 800 nm (from UV 
to IR range). The electronic transition takes place when the incident light beam 
shines on a sample. In both absorption and reflectance modes, the incident light 
with a certain wavelength is absorbed by the sample through electronic excitation 
from the ground state to the excited state. For example, ZnO has a band gap of 
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around 3.2 eV and the incident light with photon energy larger than 3.2 eV is 
absorbed by a ZnO sample, resulting in a sharp decrease of the intensity of 
transmitted light.  
In the transmission mode, the transmitted light is measured as a function of 

















                                                                                               
Eq 2.5 
where R  is the reflection coefficient,  is the absorption coefficient, d  is the 
sample thickness.   is given by 14 /n d    where   is the wavelength of the 
incident light. The band gap (Eg) of a semiconductor material can be determined 
by measuring the absorption coefficient as a function of the photon energy of 
incident UV-vis light. There are two different plots for direct and indirect band-
gap semiconductors respectively in order to determine the band gap. For indirect 
band-gap semiconductor such as Si, 1/2  is plotted against the photon energy, the 
extrapolated intercept on the photon energy axis yields Eg. The plot is known as a 
Tauc plot [128]. In contrast, for direct band-gap semiconductor like ZnO, 2  is 
plotted against the photon energy and Eg can be determined from the extrapolated 
intercept. It is also known that some impurities in the species undergo absorption, 
such as Co substitutions in ZnO matrix. Therefore, the presence of Co 
substitutions results in a trough in the UV-vis spectrum.  
In this study, UV-1600 PC spectrophotometer (Shimadzu) was to detect the 
optical transmission and absorption coefficients of samples with respect to 
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different wavelengths. The background scan was performed at first as a reference. 
The resultant transmission or absorption coefficient was obtained with the 
subtraction of background signals.                     
    
2.4.2 Photoluminescence (PL) 
PL occurs when a system absorbs a photon and excites to a higher energy 
level, and then spontaneously decays to a lower energy level by emitting a photon. 
A semiconductor material possesses an energy band gap (Eg) between the valence 
band and conduction band. The band gap varies for different semiconductor 
materials, in which the band gap can be considered as an intrinsic property of a 
particular semiconductor. For example, ZnO has a band gap about 3.2 eV while 
the band gap of Si is around 1.1 eV. Under normal conditions, the electrons/holes 
are forbidden to occupy the gap region.  
When a light particle (photon) with energy greater than the energy of band 
gap, a valence electron is excited to the conduction band by absorbing this photon. 
This excited electron generally loses excess energy before coming to rest at the 
lowest energy in the conduction band and eventually relaxes into the valence band 
by emitting a luminescent photon, which has an energy equivalent to the band gap 
energy of the semiconductor. Thus, by measuring the wavelength and wherein the 
energy of the luminescent photon, the band gap of the semiconductor can be 
deduced.    
Chapter 3 Ferromagnetism of magnetic elements doped ZnO and In2O3 films 
53 
 
There are several applications for photoluminescence: (1) to determine the 
band gap energy of a semiconductor; (2) to determine the composition of films; (3) 
to determine impurity levels by analyzing the minor PL spectrum from the 
impurity, but only for those impurities producing radioactive recombination 
processes and (4) to investigate the possible structural defect presents in the films 
[128]. It is particularly suited for detection of shallow-level impurities in II-VI 
and III-V semiconductors such as ZnO due to the high internal efficiency. Internal 
efficiency is defined as the ease of optical generation of electron-hole pairs 
recombining radioactively thereby emitting light.  
The PL analysis was carried out using Labram HR800 (Jobin Yvon Horiba), 
same as the Raman characterization. A He-Cd laser with the wavelength of 325 
nm (UV region) was used as the excitation source. The laser power was 
approximately 5 mW. 
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3 Chapter 3 Room temperature ferromagnetism of magnetic 
elements doped ZnO and In2O3 films 
3.1 Introduction 
The magnetic semiconductors (DMS), showing both magnetic and 
semiconductor properties, have attracted widespread attention, triggered by the 
first observation of ferromagnetism in semiconducting (Ga, Mn)As film reported 
by Ohno et al [8].  A promising application of DMS is to use as a spin injector, 
wherein spin-polarized carriers are injected into a nonmagnetic semiconductor. 
The spin injection was demonstrated using (Ga, Mn)As based semiconductor. 
However, the Curie temperature (Tc) of (Ga, Mn)As is much lower than room 
temperature. For practical application, it requires the Tc of DMS to substantially 
raise above room temperature.  
Room temperature ferromagnetism has been reported in transition metals 
doped ZnO, particularly (Zn, Co)O [10, 13, 135, 136]. There are several 
experimental observations of room temperature ferromagnetism in (Zn, Co)O 
films. [10, 21, 24, 102, 137]. Ueda et al succeeded to observe room temperature 
ferromagnetism in those samples showing high conductivity with electron 




. However, other samples with low conductivity 
showed spin-glass behavior [10]. All the (Zn, Co)O films were prepared by pulse 
laser deposition and the concentrations of n-type carriers were obtained by Hall 
measurements. It indicated that Tc and saturation magnetization (Ms) was in the 
dependence of the carrier density.  
Chapter 3 Ferromagnetism of magnetic elements doped ZnO and In2O3 films 
55 
 
Based on positive reports of RTFM observed in (Zn, Co)O films [10, 13, 21, 
22, 24, 102, 103, 105, 137, 138], Ueda et al [10] proposed that three possible 
origins of the ferromagnetism should be considered. The first mechanism was the 
carrier mediated ferromagnetism derived from the Ruderman-Kittel-Kasuya-
Yosida (RKKY) model. It was previously quite suitable to explain the magnetic 
exchange coupling in the III-V semiconductor [139, 140]. Therefore, the 
ferromagnetism could be enhanced by the increment of carrier density in (Zn, 
Co)O films by co-doping with Al. However, no enhancement of ferromagnetism 
has been reported in (Zn, Co)O films [11]. Recent experimental reports from Ney 
and co-workers [45] showed that the most possible ferromagnetism origin in (Zn, 
Co)O films is likely of extrinsic character such as magnetic impurities (eg, Co 
clusters) rather than weak and electron mediated ferromagnetism. Iuşan et al [141] 
also questioned about the observation of ferromagnetism in (Zn, Co)O films. By 
using ab initio density-functional calculations, Iuşan et al found that the formation 
of Co clusters causes an antiferromagnetic (AFM) exchange interaction between 
the Co atoms. Furthermore, his consistent experimental results of dominating 
superparamagnetic behavior  (Zn, Co)O films arises from small antiferromagnetic 
Co clusters containing uncompensated spins.  
The second possible mechanism is the ferromagnetism caused by the 
formation of Co clusters or the onset of phase segregation of Co. Though Co 
clusters did not be detected by Ueda et al [10] and many other research groups 
using XRD [13, 102, 138], it still cannot exclude that the ferromagnetism 
originates from the Co clusters due to low detection resolution of XRD 
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characterization technique.  On the contrary, several research groups reported that 
room temperature ferromagnetism in the (Zn, Co)O system were attributed to Co 
clusters, which were successively detected by XRD [21, 46, 137]. Norton et al [46] 
found that Co implanted ZnO films having room temperature ferromagnetism 
consisted of small Co clusters in the size of ~3.5 nm. It was concluded that the 
magnetic properties were consistent with the presence of Co nanocrystals (NCs). 
The third likely mechanism is the weak ferromagnetism of CoO phase. CoO 
phase possesses an antiferromagnetism (AFM) with TN of 291 K [142]. As most 
of  (Zn, Co)O systems reported showed high saturation magnetization (Ms), much 
beyond the magnetization contributed by CoO phases, the formation of CoO 
phase cannot be the origin of ferromagnetism. [10, 102]  
Based on the three possible ferromagnetism mechanisms discussed above, the 
origin of ferromagnetism in (Zn, Co)O systems are still under strong debate [45, 
46, 143]. More recently, the bound magnetic polaron model [48] was suggested to 
explain the ferromagnetism in (Zn, Co)O systems [20]. Through the detailed study 
of the role of metallic Co in (Zn, Co)O thin films, Liu et al [20] found that the 
ferromagnetism was attributed to bound magnetic polarons instead of Co nano-
clusters themselves and the critical defect concentration played a crucial role to 
induce ferromagnetism. It seems that there is no a conclusive mechanism to 
explain the ferromagnetism in (Zn, Co)O systems at the current stage. 
Though transition metals (TMs) doped ZnO have been theoretically predicted 
to possess room temperature ferromagnetism by Coey et al [48, 112], the 
searching for magnetic semiconductor materials with room temperature 
Chapter 3 Ferromagnetism of magnetic elements doped ZnO and In2O3 films 
57 
 
ferromagnetism is not only restricted to ZnO based materials. Ferromagnetism 
above room temperature has been experimentally observed in another popular 
system: Fe doped In2O3 system [47, 144-147]. The reason that Fe doped In2O3 is 
chosen as the model system is that In2O3 is an interesting n-type semiconductor in 
both cubic-type and metastable hexagonal-type In2O3 forms and the solubility 
limit of Fe in In2O3 bulk form is up to 15% [148, 149]. Therefore, the secondary 
phase formation such as magnetic Fe/Fe3O4 phases can be minimized [47]. It was 
believed that the possible origin of ferromagnetism found in Fe doped In2O3 
system could be helpful to explain the room temperature ferromagnetism in other 
transition-metals doped semiconductor oxides, particularly ZnO based 
semiconductor oxide.   
The first experimental observation of high temperature ferromagnetism in (In, 
Fe)2O3 system was reported by He et al. [150] Structural, magnetic and magneto-
transport characterizations of (In, Fe)2O3 films having room temperature 
ferromagnetism showed that the ferromagnetism was an intrinsic property of the 
films rather than rising from the impurity phase and the solubility of Fe in In2O3 
films was up to 20%. The room temperature ferromagnetism found in Fe doped 
In2O3 film triggered extensive research works on such system. Chu and co-
workers [47] reported that the magnetization property of Fe doped In2O3 
nanocrystals was related to the crystal phase of (In, Fe)2O3, which can be tuned by 
the external magnetic fields. The possible mechanism of high temperature 
ferromagnetism may be due to the ferromagnetic coupling between Fe atoms 
under high magnetic field. Xu et al [144] moved a step further and reported that 
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the magnetic signals of Fe doped In2O3 films did have a strong dependence on the 
carrier densities, which were determined by Fe concentration and oxygen partial 
pressure during the fabrication of thin films. The low Fe concentration (2%) and 
low oxygen partial pressure favor the high conductivity and thus high 
magnetization. It supported the carrier-mediated model, similar as the one 
discussed in (Zn, Co)O system. Followed by Xu and co-worker’s proposal, Li et 
al [148] doped different concentrations of Sn into (In0.85, Fe0.15)2O3 system to vary 
the carrier concentrations in order to study the relation of charge carriers and 
ferromagnetism. Unfortunately, the experimental results neither supported carrier-
mediated ferromagnetism nor Fe/Fe3O4 metal clusters induced ferromagnetism. 
With further oxygen partial pressure study, Li et al found that low oxygen partial 
pressure annealing can enhance magnetic property, particularly high vacuum 
annealing (pressure of oxygen was in the order of 10
-8
 torr). It was concluded by 
Li et al that the ferromagnetism in the (In, Fe)2O3 system originated directly from 
the oxygen vacancies in In2O3 system. However, more theoretical and 
experimental works were required to clarify how oxygen vacancies influencing 
the ferromagnetism exactly [148].  
Being potential DMS materials, transition metals (TMs) doped ZnO and 
In2O3 systems theoretically predicted to possess room temperature 
ferromagnetism are worth studying [48]. The solubility limits of Co doped into 
ZnO films and Fe doped into In2O3 films are quite high (~20%), which 
significantly reduces the secondary phase formation in (Zn, Co)O and (In, Fe)2O3 
films. Until now, there is no conclusive mechanism to explain the ferromagnetism 
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above room temperature in these two systems, as well as other semiconductor 
oxide systems such as TiO2 and CeO2. Therefore, (Zn, Co)O and (In, Fe)2O3 films 
are the starting materials for my research work in order to understand the room 
temperature ferromagnetism in oxide systems.  
In section 3.2, the ferromagnetism above room temperature is found in Co 
doped ZnO films and the detailed characterizations results of the films are 
elaborated. In section 3.3, the structural, magnetic and electric properties of Fe 
doped In2O3 films are discussed. The possible mechanism explaining 
ferromagnetism in Co doped ZnO films and Fe doped In2O3 films is proposed in 
section 3.4. 
 
3.2 Ferromagnetism of Co doped ZnO films 
3.2.1 Experimental 
For the pulse laser deposition (PLD), (Zn, Co)O ceramic targets with various 
Co concentrations were prepared by grinding of CoO and ZnO powders, 
purchased from Sigma with 99.999% purity, and then sintered at high temperature 
of 1000
o
C in the open furnace for 10 hours. (Zn, Co)O films were deposited on 
the quartz (110) substrate by PLD at 800
o
C and 10Hz frequency under oxygen 
partial pressure of 10
-4
 torr. The thickness of (Zn, Co)O films was kept as 100 nm, 
which was confirmed by SEM analysis.  
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3.2.2 Structural property of Co-doped ZnO films 
 
Fig. 3.1: Relation of Co concentrations in Co doped ZnO targets and 
corresponding films. 
 
Fig. 3.1 depicts the Co concentrations in Co doped ZnO targets and 
corresponding films deposited by the PLD system with oxygen partial pressure of 
10
-4
 torr. The error bar was taken by an average of three readings from respective 
three samples. The Co concentrations in the targets and films are quite consistent, 
which are confirmed by both energy-dispersive X-ray spectroscopy (EDX) and X-
ray photoemission spectroscopy (XPS). The difference of Co concentrations in the 
target and corresponding film is less than 5%. This may be attributed to 




 ions. The error bars indicates the 
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variation of Co concentrations in the films from the corresponding targets. It can 
be seen that the variation is quite small (<10%).  
 




and  (b) XRD 




 of ZnO films doped with different 
concentrations of Co.  
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Fig. 3.2 shows the XRD patterns of ZnO films doped with various 
concentrations of Co. ZnO peaks were normalized by the substrate SiO2 (quartz) 
peaks at 36.60
o
 in order to observe the shifts of ZnO peaks. As shown in Fig. 3.2 
(b), it is no doubts that c-axis lattice constant (denoted as d) of ZnO hexagonal 
crystal structure increases with Co doping concentrations. Using Bragg’s law with 
Cu Kα wavelength λ=1.54 Ǻ, the values of d spacing of ZnO (002) peaks can be 
calculated and the relation of c-axis lattice constants and Co concentrations in (Zn, 
Co)O films is plotted in Fig. 3.3. The experimental data can be fitted by a linear 
relation for Co concentrations below 10 at%. The d values increase with 
increasing Co contents up to 10 at% in the (Zn, Co)O films and they tend to obey 
the Vegard’s law. The similar linear relation of lattice constant of c-axis in the (Zn, 
Co)O films and Co concentrations was reported by Lee et al [13]. As the Co 
concentrations (<10 at%) in (Zn, Co)O films are much less than the solubility 
limit of Co in (Zn, Co)O films, no secondary phases have been detected by XRD 
analysis. Furhter increase of Co concentration to 16 at% may be beyond the 
solubility limit of Co in ZnO as it deviates from the Vegard’s law. It is noted that 
XRD used here is to detect whether the large Co clusters are present. 
 




Fig. 3.3: Relation of c-axis lattice constants and Co concentrations in (Zn, Co)O 
films. The linear relation is consistent to the Vegard’s law.  
 
3.2.3 Magnetic property of Co-doped ZnO films 
 
Fig. 3.4: M-H curves of ZnO and (Zn0.84, Co0.16)O films. (a) and (b) are M-H 
curves before subtraction of background signals. (c) and (d) are M-H curves after 
subtraction of background signals.  




The magnetic property of (Zn, Co)O films were measured by SQUID at 
room temperature (~300K). The magnetic hysteresis loops (M-H curves) of ZnO 
and (Zn0.84, Co0.16)O films are shown in Fig. 3.4. Pure ZnO film behaves as a 
diamagnetic (non-ferromagnetic) material while (Zn0.84, Co0.16)O film shows 
ferromagnetic property with diamagnetic background, as illustrated in Fig. 3.4 (a) 
and (b). With the subtractions of diamagnetic backgrounds signals, ZnO film 
becomes non-ferromagnetic and (Zn0.84, Co0.16)O film is ferromagnetic at room 
temperature, shown in Fig. 3.4 (c) and (d) respectively. The saturation 
magnetization of (Zn0.84, Co0.16)O film reaches 3.5 emu/cm
3
 with coecivity of 100 
Oe.  
As discussed in section 3.1, the magnetic property of (Zn, Co)O films is 
strongly dependent on Co concentrations. The relation of saturation magnetization 
(Ms) and Co concentrations in (Zn, Co)O films was studied in this work. Fig. 3.5 
shows that magnetic moment increases with Co doping concentrations and it 
reaches maximum of 3.7 emu/cm
3 
at Co concentration=10 at%. Further increase 
of Co contents in (Zn, Co)O films causes magnetization to decrease, which may 
be attributed to secondary phase formation (consistent with XRD results in Fig. 
3.2). Therefore, ferromagnetism in (Zn, Co)O films cannot be induced by CoO 
nanoclusters. Otherwise, the higher Co doping concentrations in (Zn, Co)O films 
should increase ferromagnetism due to the onset of CoO segregation phase.  
 




Fig. 3.5: The relation of saturation magnetization and Co concentrations in (Zn, 
Co)O films.  
3.2.4 Electrical property of Co-doped ZnO films 







 of  (Zn, Co)O films of various Co concentrations (at%) measured by 
Hall effect at room temperature.  
Co conc  Resistivity Carrier conc Mobility 
0 0.047 1.28 21 
1 0.034 1.56 19 
2 0.063 0.94 11 
5 3.35 0.123 2.4 
10 41.4 0.05 1.12 
 
Room temperature ferromagnetism may relate with carrier concentration, as 
proposed by Ueda et al [10] in section 3.1. Electrical properties of (Zn, Co)O 
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films with various Co concentrations were studied in this section. Table 3-1 shows 
the electrical properties of (Zn, Co)O films of different Co concentrations. In the 











 respectively. The calculated resistivity in ZnO film is 0.047 
Ω-cm. The resistivity of the ZnO film prepared by PLD technique is much lower 
than the one prepared by sol-gel or sputtering techniques [13, 151]. The low 
resistivity of ZnO film is attributed to the presence of oxygen vacancies when the 
ZnO is deposited by PLD. With small amount of Co dopants (1 at%) introduced 
into ZnO films, the resistivity of  (Zn0.99, Co0.01)O film decreases. The reduction 
of resistivity is due to defects formation. Here the defects are referring to the Zn 
interstitials and O vacancies. These defects facilitate the conductivity. Further 
increment of Co concentration leads to high resistivity and low carrier 
concentration. Lee et al [13] reported the significant reduction of the conductivity 
of (Zn, Co)O films when Co concentration reaches 5%. The high density of Co 
impurities can trap the oxygen vacancies or Zn interstials. Thus the carrier density 
is reduced as well as the conductivity. When Co concentrations reaches 16 at%, 
(Zn, Co)O films behave as insulating materials and the resistances (~1 MΩ) of the 
films are beyond the Hall measurement limit.  
 
3.2.5 Discussion 
From the structural, magnetic and electrical characterizations of (Zn, Co)O 
films with different Co concentrations, it can be seen that ferromagnetism is 
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related with Co doping concentrations. There is no linear relation of 
magnetization and conductivity of the films. To confirm it, an additional 
experiment was performed. Al (0.5 at%) was doped into (Zn0.95, Co0.05)O films in 
order to investigate the relation of magnetization and carrier concentrations. The 









 in (Zn0.95, Co0.05)O films while the saturation magnetization is 
almost constant. Therefore, the origin of ferromagnetism in (Zn, Co)O films 
cannot be explained by the carrier mediated ferromagnetism, such as RKKY 
model. The experimental results are consistent with Lee et al [11, 13]. 
Furthermore, no segregation of Co phase was found in all the films. The Co/CoO-
clusters induced ferromagnetism can be excluded. Therefore, what is the possible 
origin of ferromagnetism in (Zn, Co)O films? In a pure ZnO film, the conductivity 
of ZnO film is attributed to by donor-like defects such Zn interstitials and oxygen 
vacancies, which emit electrons. As Co atoms are doped into ZnO films, Co 
impurity deep levels can trap these electrons. The trapping electrons can interact 
through spin-spin coupling between Co atoms and thus induce ferromagnetism 
[13, 152].  
As proposed by the mechanism above, oxygen vacancies should play a 
critical role to enhance ferromagnetism. In order to intentionally create more 
oxygen vacancies, the (Zn0.95, Co0.05)O film deposited at oxygen partial pressure 
of 10
-7
 torr was analyzed with the reference of the one deposited at oxygen partial 
pressure of 10
-4
 torr. The reason choosing the intermediated Co concentration (5%) 
is to minimize Co segregation during low oxygen partial pressure (10
-7
 torr) 
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deposition and concurrently to achieve high magnetization. Indeed, the saturation 
magnetization of (Zn0.95, Co0.05)O film deposited at oxygen partial pressure of 10
-7
 
torr is 4.1 emu/cm
3
, almost 50% increment comparing to the one deposited at 
oxygen partial pressure of 10
-4
 torr. It is also noted that no Co clusters have been 
detected in (Zn0.95, Co0.05)O film deposited at oxygen partial pressure of 10
-7
 torr, 
confirmed by XRD analysis.  
   
 
Fig. 3.6: PL spectra of (Zn0.95, Co0.05)O film deposited at different O2 partial 
pressure, measured at room temperature. PL spectrum of ZnO film deposited at 
10
-4
 torr is shown in the inset.    
 
The presence of defects in (Zn0.95, Co0.05)O films deposited at different O2 
partial pressure can be analyzed by photoluminescence (PL). Fig. 3.6 shows the 
PL spectra of (Zn0.95, Co0.05)O films deposited at O2 partial pressure=10
-4
 torr and 





 torr. There are two distinctive peaks in pure ZnO film deposited at O2 partial 
pressure=10
-4
 torr (the inset of Fig. 3.6). The ultraviolet emission around 380 nm 
is attributed to the ZnO near band edge excitonic (NBE) emission [34]. A broad 
emission located at 530 nm can be attributed to the deep level (DL) emission, 
which can be assigned to oxygen vacancies or Zn interstitials. In (Zn0.95, Co0.05)O 
film deposited at O2 partial pressure=10
-4
 torr, an extra peak located at 680 nm is 
observed. This peak is assigned to tetrahedral Co
2+
 ions substituting Zn in the 
ZnO host crystals [153]. In contrast, this peak becomes broad and has a red shift 
in  (Zn0.95, Co0.05)O film deposited at O2 partial pressure=10
-7
 torr, which indicates 
the increase of disorder of Co substitution. Green emission peak around 530 nm 
related with oxygen vacancies or structural defects is also enhanced. It can be 
concluded that the oxygen vacancies or defect density enhances the 
ferromagnetism in (Zn, Co)O films. Hsu et al [19] found the similar conclusion by 
annealing (Zn, Co)O films in controlled atmospheres to vary the oxygen 
vacancies. Besides, Hsu also reported that oxygen vacancies were successively 
detected by X-ray near edge spectroscopy (XANES).  
 
3.3 Ferromagnetism of Fe-doped In2O3 films 
3.3.1 Experimental 
For the pulse laser deposition (PLD), (In, Fe)2O3 ceramic targets with various 
Fe concentrations were prepared by grinding of Fe2O3 and In2O3 powders, 
purchased from Sigma with 99.999% purity, and then sintered at high temperature 





C in the open furnace for 10 hours. (In, Fe)2O3 films were deposited on 
the quartz (110) substrate by PLD at 800
o
C and 10Hz frequency under oxygen 
partial pressure of 10
-7
 torr. The thickness of (In, Fe)2O3 films was kept as 100 nm, 
which was confirmed by SEM analysis.  
 
3.3.2 Structural property of Fe-doped In2O3 films 
 
Fig. 3.7: Relation of Fe concentrations in (In, Fe)2O3 targets and corresponding 
films. 
 
Fig. 3.7 shows Fe concentrations in (In, Fe)2O3 targets and corresponding 
films deposited by PLD system. The relation of Fe concentrations in the targets 
and corresponding films can be fitted by a linear line. The concentration of Fe in 
the deposited film is slightly higher than in the target, which may be attributed to 
the higher deposition rate of Fe ions in comparison to In ions (Fe
3+
 ion  has 
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smaller mass than In
3+
 ion) using PLD deposition. It is noted that the Fe 
concentration was measured by XPS. 
 
 
Fig. 3.8: High resolution TEM (HRTEM) images of (a) (In0.90, Fe0.10)2O3 film and 
(b) (In0.70, Fe0.30)2O3 film. 
 
Fig. 3.8 (a) shows the high resolution TEM image of (In0.90, Fe0.10)2O3 film. 
The film is polycrystalline and SAED pattern is indexed, as shown in Fig. 3.8 (a). 
There is no observable impurity phase in between the grains. The (In0.85, 
Fe0.15)2O3 film shows similar polycrystalline structure. As Fe concentration 
reaches 20 at%, a very small amount of impurity phase occurs, locating among the 
polycrystalline grains. When Fe concentration increases to 30 at%, the amorphous 
impurity phase is segregated in between the grains (regions in white in Fig. 3.8 
(b)). Fig. 3.8 (b) shows TEM image of (In0.70, Fe0.30)2O3 film and the inset depicts 
SAED pattern of the film. With further increase of Fe concentrations (Fe>30at%), 
the impurity phase segregation becomes more severe. The HRTEM 
microstructures of (In, Fe)2O3 films with various Fe concentrations support the 
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solubility limit of Fe should be around 20%, as proposed by He et al [150]. The 
microstructures of (In, Fe)2O3 films may influence their magnetic properties. The 
magnetic properties of films are studied for Fe concentrations below solubility 
limit and beyond the solubility limit in the following section.  
3.3.3 Magnetic property of Fe-doped In2O3 films 
 
Fig. 3.9: The relation of magnetic moment (emu/cm
3
) and Fe concentrations in  
(In, Fe)2O3 films. The inset illustrates M(μB/Fe) vs Fe concentrations in the films.  
 
As mentioned in the introduction part of this chapter, defects may play a 
crucial role to induce ferromagnetism. In Fe doped In2O3 films deposited by PLD 
system, defects may come from various sources, such as Fe dopants and oxygen 
vacancies. Therefore, it is essential to perform a systematical study of the 
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magnetization dependence on both Fe concentrations and oxygen partial pressure 
during PLD deposition. Fig. 3.9 shows the saturation magnetization (emu/cm
3
) vs 
Fe concentrations in the films. An undoped In2O3 film is non-ferromagnetic and it 
behaves as a diamagnetic material. With low Fe concentrations (Fe<15 at%), the 
magnetization in general increases with Fe concentrations in (In, Fe)2O3 films. At 
Fe=15 at%, the saturation magnetization reaches maximum with Ms=8.2 emu/cm
3
, 
equivalent to 1.74 μB/Fe. With further increment of Fe concentrations (Fe>15 
at%), the saturation magnetization decreases gradually. The reduction of 
magnetization should be related to the amorphous impurity phase formation, as 
shown in Fig. 3.8.   
 
 
Fig. 3.10：The relation of magnetization and oxygen partial pressure during 
deposition for (In0.85, Fe0.15)2O3 films.  
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The magnetization dependence on the oxygen partial pressure during the 
PLD deposition is shown in Fig. 3.10. The oxygen pressure partial pressure is in 
the range of 10
-4
 torr to 10
-7
 torr. In general, the saturation magnetization Ms is 
enhanced with low oxygen partial pressure.  With the increase of oxygen partial 
pressure, the saturation magnetization of (In0.85, Fe0.15)2O3 film decreases 
significantly and it becomes non-ferromagnetic at room temperature when oxygen 
partial pressure reaches 10
-3
 torr. The enhancement of ferromagnetic property in 
(In, Fe)2O3 films by oxygen vacancies was also observed by Zhao et al [154] and 
Li et al [148]. The authors concluded that the ferromagnetism could be tuned by 
the oxygen vacancies in the samples.  
 
3.3.4 Electrical property of Fe-doped In2O3 films  
 
Fig. 3.11: Electrical properties of (In, Fe)2O3 films with various Fe concentrations. 
The relation of resistivity (a) and carrier concentration (b) with Fe concentrations.   
 
The electrical properties of (In, Fe)2O3 film were obtained by Hall effect 
measurement. All conductive (In, Fe)2O3 films show n-type semiconductor 
behaviors. Fig. 3.11 (a) and (b) illustrate the relation of resistivity and carrier 
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concentration with various Fe doping concentrations, respectively. The pure In2O3 
film has resistivity of 55 mΩ-cm with n-type carrier concentration of 2.42×1019 
cm
-3
. The resistivity of the films decreases with Fe contents when the Fe doping 
concentration is low (Fe<10% at) and reaches the minimum resistivity of 5.4 mΩ-





can be explained by the structural defects formation when Fe was introduced into 
In2O3 films, which enhances the mobile carrier density, as shown in Fig. 3.11 (b). 
Further increment of Fe concentrations reduces conductivity of (In, Fe)2O3 films, 
as well as the carrier concentrations.  
 
3.3.5 Optical property of Fe-doped In2O3 films 
 
 
Fig. 3.12: The UV-vis-IR transmission of (In, Fe)2O3 films with various Fe 
concentrations. The inset illustrates the relation of band gap (Eg) and Fe 
concentrations.  
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Fig. 3.12 shows the transmission of (In, Fe)2O3 films when the UV-vis-IR 
light are passing through. For all the (In, Fe)2O3 films, there are ―kinks‖ staring 
from 320 nm, corresponding for band gap Eg~3.87 eV. The ―kink‖ is assigned to 
the band gap of the film. The calculated band gap of the undoped In2O3 film is 
3.87 eV. As the Fe doping concentration increases, the ―kink‖ around 320 nm is 
blue-shifted, equivalent to the increase of band gap (the wavelength and band gap 
are inversely proportional). Substitution of In by Fe causes lattice constant to 
shrink. Therefore, the interaction between cations and anions is enhanced, leading 
to increase in band gap. The calculated band gaps of all the (In, Fe)2O3 films are 
shown in the inset of Fig. 3.12, using a Tauc plot as illustrated in section 2.4.1.  It 
can be observed that band gaps of films increase with Fe concentrations. It is 
known that the band gap of a composite material can be calculated based on the 
Vegard’s law. The change of band gap respect to Fe concentrations as shown in 
the inset of Fig. 3.12 follows approximately a linear relation for Fe <20%, 
indicating that Fe ions substitute to In lattice sites.  
 
3.3.6 Discussion 
Based on the experimental results above, ferromagnetism in (In, Fe)2O3 films 
is an intrinsic property. The ferromagnetism is not induced by impurity phase 
segregation when the Fe concentration is beyond the solubility limit of Fe in the 
In2O3 host material. The ferromagnetic property has a strong dependence on Fe 
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Room temperature ferromagnetisms observed in both Co doped ZnO and Fe 
doped In2O3 films are highly correlated with the doping concentrations of 
magnetic ions. The magnetic elements doped ZnO films are experimentally 
proven to be potential candidates for spintronics materials. However, the exact 
mechanism for high temperature ferromagnetism is not clear yet. From the 
experimental results discussed above, the phase segregation of magnetic dopants 
and carrier mediated ferromagnetism are unlikely to explain the origin of 
ferromagnetism in these systems. Furthermore, the magnitude of magnetic 
moment is in the dependence of oxygen deposition pressure indicates that oxygen 
vacancies play a crucial role to induce ferromagnetism.  
The detailed study including HRTEM of magnetic Co doped ZnO films and 
Fe doped In2O3 films cannot completely exclude the existence of small magnetic 
nanocluster, which may not detected by HRTEM. Hence, non-magnetic elements 
doped ZnO films will be studied in the following chapter.  
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4 Chapter 4 Room temperature ferromagnetism of non-
magnetic elements doped ZnO film 
4.1 Introduction 
Ferromagnetism above room temperature has been observed in magnetic 
element doped ZnO and In2O3 films, particularly Co doped ZnO film, as 
discussed in Chapter 3. However, the origin of ferromagnetism in these films is 
still not clear. The second phase segregation (clusters) [155], the formation of 
bound magnetic polarons (BMP) [49, 52], or the metal deficient centers [156] are 
all possible reasons for RTFM. Coey et al discovered RTFM in non-magnetic ions 
doped ZnO [48]. It was explained as the formation of impurity band interacting 
with the localized d orbital. Recently, Pan et al found that carbon-doped ZnO is 
magnetic at room temperature via p-p interaction of C and O sp orbitals [157]. 
More recently, partially oxidized Zn nanowires have also shown RTFM, reported 
by Yi et al [33]. Investigations indicate that the ferromagnetism is attributed to 
metallic Zn clusters embedded in the ZnO matrix. In the Zn clusters embedded 
ZnO system, the magnetic clusters induced ferromagnetism origin can be 
excluded. Therefore, the ferromagnetism is due to the interaction of Zn clusters 
and ZnO matrix. The result fosters me to understand whether metal clusters of 
other nonmagnetic elements in ZnO matrix can induce ferromagnetism. The 
detailed study of nonmagnetic elements doped ZnO films is helpful to propose the 
possible origin of ferromagnetism in ZnO system as the presence of RTFM cannot 
be attributed to the phase segregation of magnetic elements.   




4.2 Room temperature ferromagnetism of metal/ZnO films 
4.2.1 Experimental 
Pulse laser deposition (PLD) was used for the deposition of the metal/ZnO 
films. ZnO film (100 nm) was firstly deposited on quartz (110) at 800 
o
C under an 
oxygen partial pressure of 10
-4
 torr. The metallic film of Zn, Al, Pt, Ag or Au (10 
nm) (Sigma, 99.999%) was then deposited on the ZnO film respectively under a 
high vacuum of 10
-7
 torr. The schematic of metal/ZnO films is illustrated in Fig. 
4.1. The deposited film was annealed under a high vacuum of 10
-7
 torr 
(continuous pumping with a turbo-pumping system in the PLD system) at a 
temperature of 25-800 
o
C for 30 min. The deposited films were then characterized 




Fig. 4.1: Metal/ZnO film layer-out. Metal clusters embedded into ZnO matrix are 
achieved by post annealing of metal/ZnO films at high temperature.  
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4.2.2 Structural and magnetic properties of metal/ZnO films 
The deposited films were measured by XRD. Pure ZnO film showed highly 
textured in (002) direction. After being covered with metal films, the structure of 
ZnO did not change and the metallic films were polycrystalline. After vacuum 
annealing, there was no significant change in the XRD spectrum of ZnO 
compared with that before annealing. With the careful XRD study, inclusive of 
the two modes (/2 and glazing angle), no other impurities such as (metal, Zn) 
oxide phases had been detected. The target of ZnO, the deposited ZnO film, 
metallic target, deposited metallic films and metal/ZnO films in the as-deposited 




Fig. 4.2: (a) The in-plane hysteresis loops of Al/ZnO film upon different vacuum 
annealing temperatures (the substrate signal is deducted). (b) Ms in the 
dependence on vacuum annealing temperature of (Zn, Al, Pt)/ZnO films. 
 
Fig. 4.2 (a) shows the hysteresis loops of Al/ZnO films after deduction of 
substrate signal, which are annealed at different temperatures under a vacuum for 




 torr. The film 
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annealed at temperature of 200 
o
C does not induce RTFM. However, if annealed 
above 300 
o
C, the film begins to show RTFM. The trend of saturation 
magnetization Ms versus vacuum annealing temperature of (Zn, Al, Pt)/ZnO films 
is shown in Fig. 4.2 (b). It shows the optimized annealing temperature for 
achieving the highest Ms of the films is 700 
o
C. Above 700 
o
C, Ms decreases with 
increasing the annealing temperature. It should be noted that Zn/ZnO and Pt/ZnO 
upon different vacuum annealing temperatures have the similar hysteresis loops as 
that of Al/ZnO. Furthermore, all the loops show a very low and comparable 
coercivity  (approximately 100 Oe).   
 
Table 4-1: Ms (emu/cm
3
) of metal/ZnO films in the as-deposited state, after 
vacuum annealing, and after a subsequent air annealing. Nmag represents non-
magnetic.  





Ms of subsequent  
700
o
C air annealing 
Zn NMag 1.21 NMag 
Al NMag 1.79 NMag 
Pt NMag 0.79 0.81 
Ag NMag NMag NMag 
Au NMag NMag NMag 
 
Table 4-1 shows the Ms measured at room temperature for metal/ZnO films 
in the as-deposited state, after vacuum annealing at 700 
o
C and after a subsequent 
air annealing at 700 °C. Every magnetic result was an average from at least six 
measurements and all the experiments were repeated. From the table, it can be 
seen that all as-deposited films are nonmagnetic. After the films are annealed at 





C under vacuum, (Zn, Al, Pt)/ZnO are all ferromagnetic at room temperature, 
while (Ag, Au)/ZnO are nonmagnetic. If the magnetic films are annealed at 700 
o
C in air, the ferromagnetism disappears in (Zn, Al)/ZnO films. However, Pt/ZnO 
still shows ferromagnetic, with Ms of 0.81 emu/cm
3
, which is comparable to that 
after the vacuum annealing at 700 °C (0.79 emu/cm
3
). SQUID measurements of 
the samples from 5 to 400 K were carried out for all the magnetic samples in 
Table 4-1. When the hysteresis loops were taken at lower temperatures, no 
significant difference to that taken at room temperature (refer to Fig. 4.2) was 
observed. The temperature independence of the magnetic moment was similar to 
that reported by Coey et al [48]. In addition, no ferromagnetism was observed for 
(Ag, Au)/ZnO in the whole temperature range (5-400 K). After oxidation (air 
annealing), (Zn, Al)/ZnO did not show ferromagnetism between 5 and 400 K. It is 
to note that Pt/ZnO films possess RTFM both after vacuum annealing as well as 
after subsequent air annealing. As the melting temperature of Zn (and also Al) 
was low, it was possible that some Zn was evaporated. To study if the possible Zn 
evaporation may affect the magnetic properties and microstructure, an annealing 
of Zn/ZnO at 700°C in a quartz sealed tube with Ar filled atmosphere was carried 
out. The results showed that there was no significant difference to those in terms 
of magnetic properties and microstructure, when Zn/ZnO films were annealed 
under vacuum.  
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4.2.3 Ferromagnetism origin of metal/ZnO films 
In order to understand the mechanism of the ferromagnetism, XPS was used 
for the analysis. Here Al/ZnO, Ag/ZnO and Pt/ZnO three samples were chosen, 




Fig. 4.3: (a) XPS depth profile of the Al/ZnO film after the vacuum annealing at 
700 
o
C. (b) Al peaks at different depths of the film in (a). (c) Atomic ratio of 
Al/Al
3+
 of the film in (a). (d) Al peaks of the film after the subsequent air 










Fig. 4.4: XPS of (a) Ag/ZnO films after the vacuum annealing and after the 
subsequent air annealing at 700 
o
C (inset of a); (b) Pt/ZnO films vacuum 
annealing and after the air annealing at 700 
o
C (inset of b). 
 
Fig. 4.3 shows XPS depth profile of the Al/ZnO film after the vacuum 
annealing at 700 
o
C for 30 min. The sputtering rate for the XPS profile 
measurement was approximately 0.5nm/min. One can see the atomic 
concentration of Al decreases with depth from 0 to approximately 10 nm in a 
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good agreement of the thickness of the Al top layer (10 nm). On the other hand, 
the concentration of Zn is low in the layer of 0 to 10 nm, showing the deposited 
Al top-layer. As shown in Fig. 4.3 (a), a substantial amount of Al diffuse into the 
ZnO layer up to approximately 50 nm. Fig. 4.3 (b) shows Al 2p peaks of the same 
film from the depth 1.5 nm to 60nm. The Al metal peak at the binding energy (BE) 
of 72.9 eV clearly indicates the presence of Al metal phase from the depth 1.5nm 
to 35 nm [126]. With the composition analysis, the ratio of Al in the metal state 
and in the oxide state decreases with depth, as shown in Fig. 4.3 (c). Even at the 
depth of 35 nm, a very weak Al metal peak is still observable. The ratio of Al in 
the metal state and in the oxide state remained nearly constant in the depth range 
of 20 to 40 nm. After the subsequent air annealing, all the Al atoms or ions 
change to Al
3+
 state, as shown in the Fig. 4.3 (d). The previous results have shown 
that after the air annealing, the ferromagnetism of Al/ZnO disappears. Hence, the 
ferromagnetism may be related to the metallic state of Al.  
Fig. 4.4 (a) shows Ag 3d 5/2 peaks at varying depths of Ag/ZnO film under 
vacuum heat treatment of 700 
o
C. Ag 3d 5/2 peaks occurs at BE of 368.2 eV, and 
remains constant throughout the depths, which confirms that only Ag metal state 
presents and it is not oxidized in the ZnO matrix. The intensity (counts per second) 
of Ag peaks drops with the increasing depths, obviously because the diffused Ag 
amount decreases from the surface into the interior of Ag/ZnO films. After the 
subsequent air annealing, XPS results shows that Ag is still in the metallic state 
throughout the film (BE=368.2 eV). Similarly, metallic Au was also observed in 
Au/ZnO films before and after air annealing. The same phenomenon occurred in 
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Pt/ZnO films. Fig. 4.4 (b) shows the Pt 4f 7/2 peaks of the Pt/ZnO after the 
vacuum annealing at 700 °C and after the subsequent air annealing at 700 
o
C (the 
inset of Fig. 4.4 (b)) respectively. Pt 4f 7/2 peaks always remains at BE=71.1 eV, 
indicating that all Pt atoms are in the metallic state [126],
 
because Pt is one of the 
materials which cannot be oxidized under air atmosphere. Hence, the 
ferromagnetism in Pt/ZnO may be related to the Pt metal phase, which does not 
change before and after oxidation.  
In order to understand the mechanism of the ferromagnetism in these films, 
TEM is used for the investigation of the microstructure. Fig. 4.5 (a) shows the 
TEM micrograph of the pure ZnO deposited on the quartz substrate, which has a 
uniform lattice. The calculation of the d-spacing indicates that the film lattice is in 
the ZnO-(002) direction, consistent with that in XRD results. Fig. 4.5 (b) shows 
the high resolution TEM of Pt/ZnO after vacuum annealing at 700 °C. ZnO d-
spacing is the same as that of pure ZnO, in the orientation of (002). However, 
cluster-like structure can be observed in the image, as shown as the black arrow in 
Fig. 4b. It is very difficult to distinguish whether the cluster is Pt or not. From 
XPS analysis, metallic Pt phase exists in the film. Hence, the cluster should be Pt. 
The examinations of other films such as (Al, Ag, Au)/ZnO all indicate the 
existence of the metal cluster-like structures after the vacuum annealing. As 
reported previously [33], the unique structure (Zn clusters embedded in ZnO 
matrix) is likely to contribute to RTFM. From the XPS and TEM analysis, it can 
be concluded that metallic clusters of other non-magnetic elements might induce 
the RTFM in metal/ZnO films. The ferromagnetism disappears if the metal 
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clusters are oxidized. This work also shows that not every metal can cause 
ferromagnetism, as (Ag, Au)/ZnO are not ferromagnetic at any conditions, though 
there is a cluster structure in the films. The mechanism needs further investigation.  
 
 
Fig. 4.5: HRTEM cross-section images of (a) pure ZnO film; (b) Pt/ZnO film after 
the vacuum annealing at 700 
o
C. The black arrow indicates the possible presence 
of metal clusters in the ZnO matrix. 
 
4.2.4 Summary 
Room temperature ferromagnetism (RTFM) is found in the unique structure 
of metal clusters (Zn, Al, Pt) embedded into the ZnO matrix. However, not every 
metal can lead in ferromagnetism such as Ag and Au. The origin of 
ferromagnetism is highly probable due to the mechanism: the interaction of metal 
clusters and ZnO matrix. This work has shown a method of the induction of 
ferromagnetism in the broad-band semiconductor – ZnO. 
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4.3 Room  temperature ferromagnetism of metal Al doped ZnO 
films 
In the previous section, it has been proposed that room temperature 
ferromagnetism in metal/ZnO films is induced by metal clusters embedded into 
ZnO films. However, the exact interaction of metal clusters (eg, Al clusters) and 
ZnO matrix is still not clear. In this section, metal Al doped ZnO films were 
chosen to be comprehensively studied, in order to understand the coupling effect 




Al/ZnO films were prepared by pulse laser deposition (PLD) and the details 
were described previously [158, 159]. Highly textured (001)-ZnO films with 
different thicknesses in the range of 15-120 nm were deposited on quartz (110) 
substrates at 800
o
C under an oxygen partial pressure of 10
-4
 torr. A metallic Al 
film of (2-40) nm (using a Sigma target, 99.999%) was then deposited on the ZnO 
film under a high vacuum of 10
-7
 torr at room temperature. The deposited film 
was annealed under a high vacuum of 10
-7
 torr (continuous pumping with a turbo-
pumping system in our PLD system) at a temperature of 700 
o
C for 30 min (as 
reported previously, 700°C is the optimized annealing temperature for room 
temperature ferromagnetism – RTFM). The deposited films were then 
characterized by XRD (Bruker, Advance D8), XPS (Kratos AXIS Ultra DLD). 
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The magnetic properties were studied by a SQUID system (Quantum Design, 
MPMS, X5). 
 
4.3.2 Structural and magnetic properties of metal Al doped ZnO films  
 
 
Fig. 4.6: (a) XRD of pure ZnO film on quarts (X-cut) substrate. (b) XRD of 
Al/ZnO film. (c) XRD of Al/ZnO film upon 700
o
C vacuum annealing. (d) XRD of 
the film in (c) in the subsequent air annealing at 700
o
C. (e)-(h) are magnified 
XRD spectra of (a)-(d), correspondingly. 
 
The structural property of deposited films was measured by XRD. Fig. 4.6 (a) 
and (e) show XRD spectrum of pure ZnO film on quartz (X-cut) substrate. The 
film is highly textured in (002) directions, which corresponds to 2θ=34.44o. After 
it was covered with 10 nm Al film by PLD, the ZnO (002) peak shown in Fig. 4.6 
(b) and (f) does not change. The film was then annealed in vacuum at 700
o
C for 
30 min. Fig. 4.6 (c) and (g) illustrates that both ZnO (002) and (004) peaks shift to 
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lower 2θ value (2θ=34.25o for ZnO (002) peak), which implies that the d-spacing 
of ZnO increases. The RTFM is found in this sample with Ms =1.8 emu/cm
3
, as 
discussed later. There is no other impurity phase such as (Zn, Al) oxide detected. 
It has been further confirmed by the glazing angle XRD scan and the high 
resolution XRD (HRXRD). Hence, it excludes that the origin of ferromagnetism 
is induced by the impurity phase in the Al/ZnO film. Furthermore, it is suggested 
that some of Al atoms or ions have diffused into the interstitial sites of ZnO 
crystal structure and that causes the expansion of ZnO lattice. After subsequent air 
annealing at 700
o
C, the ZnO (002) shifts back to the higher angle (2θ=34.38o for 
ZnO (002) peak), as shown in Fig. 4.6 (d) and (h). Concurrently, the 
ferromagnetism in the film disappears. It supports that the diffusion of Al into the 















Fig. 4.7: (a) The hysteresis curve of Al/ZnO film subjected to different annealing 
temperature. (b) Temperature dependence of magnetization at field-cooled (FC) 
and zero-field-cooled (ZFC) conditions at an applied field of 1000 Oe for 700
o
C 
vacuum annealing Al/ZnO film. (c) Al thickness dependence of Ms with 120 nm 
ZnO bottom layer (d) ZnO thickness dependence of Ms with 10 nm Al top layer. 
 
The target of ZnO, the as-deposited ZnO film, Al target and as-deposited Al 
films were all nonmagnetic, examined by SQUID. Fig. 4.7 (a) shows the 
hysteresis loops of the Al/ZnO films (10 nm Al and 120 nm ZnO). The Al/ZnO 
film in the as-deposited state is not ferromagnetic. The RTF appears after the 
vacuum annealing at 700
o
C with a coercivity of approximately 100 Oe. As 
reported previously [158], the saturation magnetization Ms is dependent on the 
annealing temperature, and the maximum reaches after annealing at 700°C. The 
field cooled (FC) and zero-field-cooled (ZFC) magnetization curves under a 
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constant magnetic field of 1000 Oe are shown in Fig. 4.7 (b), showing that the 
Curie temperature Tc is well above room temperature. Fig. 4.7 (c) shows the 
calculated magnetic moment (per volume or per area) versus the thickness of Al 
top layer, when the ZnO layer was fixed to be 120 nm. It can be seen that the 
magnetic moment of the Al/ZnO film after the vacuum annealing at 700°C 
increases with the Al thickness. When the magnetization is calculated by moment 
per volume, the moment reaches a maximum at the Al thickness of 10 nm and 
then decreases slowly. However, when the magnetization is calculated by moment 
per area, the moment reaches a plateau with the Al thickness = 10 nm. Fig. 4.7 (d) 
shows the magnetic moment (per volume or per area) in the dependence of the 
thickness of ZnO, when the Al top layer was fixed to be 10 nm. It can be seen that 
a certain thickness of ZnO (50-60 nm) is needed for RTF. It is clear that the 
magnetic moment per area also reaches a plateau, while the moment in emu/cm
3
 
decreases with thickness. It is to note that the saturation value of 20-25 emu/cm
2
 
is very similar to that in Fig. 4.7 (c). The results imply that a saturation 
magnetization per area can be reached when the Al top-layer and ZnO underlayer 
are thick enough (approximately 10 nm for Al top layer and 50-60 nm for ZnO 
underlayer). 
Hall measurement has been carried out. It shows that n-type behavior in as-
deposited and post vacuum annealing of Al/ZnO films. It is noted that the 
resistivity of Al/ZnO films after air annealing is too high to measure the carrier 
concentrations due to the metal oxide layer formation at the sample surface. 
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4.3.3 Ferromagnetism origin of metal Al/ZnO films 
 
Fig. 4.8: (a) XPS depth profile of the Al/ZnO film after the vacuum annealing at 
700
o
C. (b) Schematics of the layered film before and after vacuum annealing.  
 
In order to understand the microstructure (which leads to RTFM), we have 
performed a detailed XPS analysis of the film Al(10nm)/ZnO(120nm) after the 
vacuum annealing at 700°C. Fig. 4.8 (a) shows the profiles of the different 
elements of Al, Zn and O. It can be seen that some Al atom/ions have diffused 
into the ZnO layer with a diffusion length of 40-50 nm. The schematics of the 
layered Al/ZnO film before and after vacuum annealing are illustrated in Fig. 4.8 
(b).   




Fig. 4.9: XPS spectra of (a) Al peaks and (b) Zn peaks of Al/ZnO film upon 
700
o
C vacuum annealing respectively. (c) and (d) are XPS spectra of Al and Zn 
peaks of Al/ZnO film in the subsequent air annealing, respectively. (e) and (f) are 
XPS spectra of Ag and Zn peaks of Ag/ZnO film after 700
o
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Fig. 4.9 (a) and 4(b) shows the XPS spectra of Al 2p peaks and Zn 2p peaks 
of the film, respectively. The metallic Al peaks at the binding energy (BE) of 72.9 
eV indicates that the presence of Al metallic phase from the surface to the depth 
of 40 nm [126]. Zn peaks are not symmetric from the surface to the depth of 30 
nm, with the peak shift to some extents. At the depth of 40 nm of the film, the Zn 
2p peak becomes symmetric, with BE of 1021.8 eV [126]. The inset of Fig. 4.9 (b) 
shows the peak fitting for the Zn peak at the depth of 10 nm. The experimental 




 with a lower ionic 
state. It is noted that in the pure ZnO film, only Zn
2+
 peak is presented. The 
binding energy (BE) of the peak Zn
(2-x)+ 
corresponds to the lower ionic state of 
Zn
2+
. Hence, during the diffusion of Al into ZnO matrix, the Zn
2+





. Due to Al diffusion into ZnO matrix after the 
vacuum annealing, some Al atoms are oxidized into Al
3+
. Concurrently, some 
Zn
2+




, which leads to the Zn peak shift and 
asymmetry. Hence, the electron charge transfer is likely to take place in between 
Al and ZnO matrix. The possible charge transfer between ZnO matrix and Al 
causes the electronic structure alternation of Zn and Al. This may lead to 
ferromagnetism, as shown in Fig. 4.7 (a). After the subsequent air annealing, the 
metallic Al peaks disappear and all metallic Al phase changes to Al oxide phase, 
as shown in the Fig. 4.9 (c). Fig. 4.9 (d) shows the symmetry Zn 2p peaks of the 





) are present after the additional air annealing at 700°C. 
Furthermore, ferromagnetism in the film disappears after the air annealing. The 
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results indicate that RTF is associated with a charge transfer between Al and Zn 
ions. After the vacuum annealing at 700°C, some Al atoms diffuse into the ZnO 
(as shown in the XPS study in Fig. 4.8 (a)) and some Al atoms may occupy 
interstitial sites (as shown by the expansion of the lattice parameter in Fig. 4.6). 
As Al has a lower electronegativity than Zn, electrons may be transferred from Al 
to Zn
2+
 to form Al
3+
 (as shown in the XPS study, Fig. 4.9 (a) and Zn
(2-x)+
 as shown 
in Fig. 4.9 (b). 
As reported previously, the diffusion of some metals (such as Ag and Au) 
did not lead to RTFM in ZnO. In this work, a separate experiment was carried out 
– XPS study on Ag/ZnO after a vacuum annealing at 700°C. Ag with thickness of 
10 nm was deposited on 120 nm ZnO by PLD under a high vacuum (10
-8
 torr). 
The Ag/ZnO film was then undergone vacuum annealing at 700
o
C for 30 min. 
The SQUID examination showed that this film does not possess RTFM. Fig. 4.9 
(e) and (f) show XPS spectra of Ag 3d 5/2 and Zn 2p 3/2 peaks from the surface 
to 30 nm of the film, respectively. After the vacuum annealing, some Ag atoms 
can be found in the ZnO layer at different profiles (10 and 30 nm), showing the 
diffusion of Ag. Ag peaks occur at 368.2 eV, which clearly indicate the presence 
of only metallic Ag phase [126]. Therefore, Ag cannot be oxidized in the ZnO 
matrix. Zn peaks in Ag/ZnO remain at 1021.8 eV and very symmetric throughout 
the 0-30 nm top layer. It is concluded that there is no charge transfer between Ag 
metallic clusters and ZnO matrix and this is the reason that the film does not 
possess RTFM. 
 




Room temperature ferromagnetism (RTFM) has been found in Al/ZnO films 
after a vacuum annealing. RTF is strongly dependent on the thickness of Al top 
layer and the thickness of the ZnO underlayer. A plateau can be reached when the 
Al top layer and ZnO underlayer are thick enough. The XPS study shows that 





 ions are present, while some Zn
2+
 ions are reduced into a lower ionic state, 
such as +1 and/or 0 states, indicating the possible electron transfer. The RTFM is 
likely to be associated with the charge transfer between Al and ZnO matrix, which 
may cause the electronic structure alternation of Zn and Al. The detailed physical 
mechanism of charge transfer to explain RTFM is still under further investigation. 
No electron transfer occurs in the Ag/ZnO system, while RTFM is not present.    
 
4.4 Room temperature ferromagnetism of ZnO-Al2O3 films 
In the previous section, room temperature ferromagnetism has been 
demonstrated in ZnO films doped with some metal elements (Al, Zn and Pt) 
subjected to vacuum annealing of high temperature. The ferromagnetism is highly 
related to the interaction of metal clusters and ZnO matrix. Based on XPS analysis 
of Al doped ZnO films, it is found that charge transfer is occurred between Al and 
ZnO, resulting in electronic structure change of Zn and Al. Though room 
temperature ferromagnetism is observed in the metal/ZnO layered structure 
subjected to vacuum annealing, it is difficult to fabricate spintronics devices based 
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on annealing of metal/ZnO layered films due to the challenging of manipulation 
of uniform distribution of metal clusters in the films. Al ions (Al
3+
) doped ZnO 
films with the uniform distribution of Al
3+ 
fabricated by PLD ablation of the (Zn, 
Al)O single target is studied in this section. Furthermore, it is also very interesting 
to study the mechanism of ferromagnetism in these films. These films should be 
free of metal or magnetic phase segregations.  
 
4.4.1 Experimental 
 For pulse laser deposition (PLD), the (Zn1-x, Alx)O targets with x varied 
between 0 and 1 were prepared by mixing of ZnO and Al2O3 powders (Sigma, 
99.999% purity) and then sintered at high temperature in the furnace. (Zn1-x, 
Alx)O films were deposited onto quartz (110) substrate by PLD at 400
o
C under an 
oxygen partial pressure of 10
-4
 torr. The film thickness was kept to be 100 nm. 
The deposited films were then characterized by XRD (Bruker, Advance D8), Hall 
measurement (HL5500PC, BIO-RAD), XPS (Kratos AXIS Ultra DLD) and TEM 
(JEOL, 2010). The magnetic properties were studied by a SQUID system 
(Quantum Design, MPMS, X5). The molar concentration of Al was measured by 
Energy Dispersive Spectrometry (EDX) and XPS. It is noted that both 
measurement techniques showed consistent results.  
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4.4.2 Structural and magnetic properties of ZnO-Al2O3 films 
 
Fig. 4.10: HRTEM images of (a) pure ZnO film; (b) (Zn0.70, Al0.30)O film. The 
black arrows indicate the ZnO NCs in the amorphous matrix. 
 
The high resolution TEM and XRD were used to investigate the 
microstructure. Fig. 4.10 shows TEM images of (Zn1-x, Alx)O films with different 
Al molar concentrations. Fig. 4.10 (a) shows TEM microscopy of the pure ZnO 
film deposited on the quartz substrate. It is obvious that pure ZnO film has a 
uniform lattice. The calculated d-spacing (0.26 nm) indicates that the film lattice 
is in the ZnO-(002) direction, which was consistent with the XRD results with the 
diffraction peak of 2=34.4o. Therefore, the pure ZnO film is highly textured in 
the (002) direction. When the Al concentration was low (x  0.09), the 
microstructure of (Zn1-x, Alx)O film in TEM was similar to that of the pure ZnO 
film, as shown in Fig. 4.10 (a). The conductivity of the films was measured by 
Hall measurement. These Al-doped ZnO films are more conductive with lower 
resistivity (7.7×10-4 Ω-cm for the film with x = 0.02) comparing with the 
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resistivity of pure ZnO (0.47 Ω-cm). This is due to the formation of defects inside 
the film. The defects can facilitate the carrier transport in the (Zn1-x, Alx)O films 
[160]. Above the Al solubility limit in ZnO (9 mol%), the alumina-based 
amorphous structure begins to appear along the grain boundaries of ZnO 
crystallites [161]. The relative intensity of ZnO (002) peak decreases dramatically 
with increasing Al concentration. When Al molar concentration exceeds x=0.16, 
ZnO becomes nanocrystals (NCs) separated by alumina-based amorphous phase. 
Fig. 4.10 (b) shows the typical HRTEM image of such structure in the (Zn0.70, 
Al0.30)O film, showing that ZnO NCs are surrounded by alumina-based 
amorphous matrix. The diffraction pattern is shown in the inset of Fig. 4.10 (b). 
Due to the separation of ZnO NCs by non-conductive alumina-based amorphous 
matrix, the film becomes non-conductive with a high resistivity (>1 Ω-cm), which 
is above our Hall measurement limit. When the Al molar concentration is further 
increased to 70 mol%, we could not observe any ZnO NCs. The films appeared to 
be fully amorphous in our TEM examinations. The amorphous (Zn0.30, Al0.70)O 
film has an insulating behavior. The results above were confirmed by our glazing 
angle XRD (10
o
) and high resolution XRD (HRXRD).  





Fig. 4.11: (a) The in-plane hysteresis loops of (Zn1-x, Alx)O films upon different 
Al concentrations (the substrate signal is deducted). (b) Saturation magnetization 
Ms in the dependence on Al concentration in (Zn1-x, Alx)O films. (c) Saturation 
magnetization Ms and ZnO NC size in the dependence on different deposition 
temperatures. 
 
The magnetic properties of (Zn1-x, Alx)O films with different Al 
concentrations were studied by SQUID. The (Zn1-x, Alx)O targets and quartz 
substrate were non-magnetic. Fig. 4.11 (a) shows the magnetic hysteresis loop of 
(Zn1-x, Alx)O film with different Al molar concentration: x=0.02 and 0.30. As the 
Al doping concentration is low (x=0.02), there is no ferromagnetic behavior in the 
film. The room temperature ferromagnetism appears for the sample with the Al 
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molar concentration of 30 at%. The saturation magnetization (Ms) of the film is 
3.6 emu/cm
3
 with a coercivity of 100 Oe at room temperature. The variation of Ms 
with Al molar concentration is illustrated in Fig. 4.11 (b). It can be seen that there 
is a threshold in Al molar concentration (x=0.16) to induce ferromagnetism in the 
(Zn1-x, Alx)O films. As the Al molar concentration increases further (x=0.70), the 
ferromagnetism disappears. 
 
4.4.3 Ferromagnetism origin of ZnO-Al2O3 films  
After the discussion above, it may plausibly propose the mechanism as 
following. A solubility limitation of Al in the crystalline ZnO phase is 9 mol% 
((Zn0.91, Al0.09)O in our PLD derived (Zn1-x, Alx)O films, while the solubility of 
ZnO in the amorphous Al2O3 is 30 mol% corresponding (Zn0.30, Al0.70)O.  The Al-
doped ZnO didn’t show any ferromagnetism (Fig. 4.11 (b)). On the other hand, 
the amorphous (Zn0.30, Al0.70)O film is also not magnetic. For the concentration 
range of x=0.1 to 0.7, films consist of a mixture of ZnO NCs with a composition 
around (Zn0.91, Al0.09)O and amorphous phase with a composition close to (Zn0.30, 
Al0.70)O.  Ferromagnetism starts to appear in the (Zn0.84, Al0.16)O film, whereas 
ZnO NCs were separated by the alumina-based amorphous phase. The 
optimization of magnetization occurs at x = 0.30, whereas the ZnO NCs were well 
separated by the amorphous phase.  A further increase in the amorphous 
component (40 mol% and 50 mol% of Al) leads in decrease of ferromagnetism.  
The ferromagnetism nearly disappears at x =70 mol%, whereas the film is fully 
amorphous. This result shows clearly that the ferromagnetism is attributed to the 
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ZnO nanocrystals separated by non-conductive amorphous phase. The optimized 
composition to achieve highest Ms is close to x=0.30, corresponding to 27vol% 




Fig. 4.12: (a) XPS spectra of (Zn1-x, Alx)O films with different Al contents. (b) 
XAS spectra from synchrotron light source of oxygen K-edge in (Zn1-x, Alx)O 
films. (c) PL spectra of (Zn1-x, Alx)O films.   
 
The dependence of the ZnO NCs size on the ferromagnetism has been studied 




C. ZnO NCs sizes 
were measured by HRTEM. Here we choose the (Zn0.70, Al0.30)O films as it gives 
highest magnetization. Fig. 4.11 (c) shows that as deposition temperature 
increases, the ferromagnetism in (Zn0.70, Al0.30)O films increases and the highest 
moment is obtained at the deposition temperature of 400
o
C. At low deposition 







C), no ferromagnetism is found and ZnO NCs are not 
observable (samples are fully amorphous). A higher deposition temperature 
(>400
o
C) reduces the magnitude of the magnetic moment in the film. 
Concurrently, the ZnO NC size increases with temperature. The optimum size of 
ZnO NCs to give the highest magnetic moment is around 4.5 nm. We further 
annealed this sample in the air atmosphere, the ferromagnetism drops to  1 
emu/cm
3
, with average ZnO particle size of 15 nm. Liu et al observed the similar 
dependence of moment on the particle size in CeO2 system [162].  
XPS was used for the structural characterization, as shown in Fig. 4.12 (a). Al 
exists as Al
3+
 with binding energy (BE) of 75.6 eV and Zn also presents as Zn
2+
 
with BE=1021.7 eV in the (Zn1-x, Alx)O film. Through detailed analysis of the 
XPS spectrum, there is no metal cluster (either Zn or Al) found in the film. XPS 
depth profile analysis showed that only Al, O, and Zn elements present in the film. 
Therefore, with the detection limit, we did not find any impurities inside the film. 
Garcia et al proposed that the ferromagnetism observed in ZnO NCs is attributed 
to the charge transfer [61]. In this work, XPS has been used to examine if charge 
transfer could be observed. However, it is difficult to observe such phenomenon 
from our XPS results. It is possible that only a small portion of ions contribute to 
ferromagnetism.  
The x-ray absorption spectra (XAS) measurement (carried out in Singapore 
Synchrotron Light Source)
 
[163] for O K-edge of (Zn1-x, Alx)O films with 
different x values are illustrated in Fig. 4.12 (b). It can be observed that the 
electronic structure of (Zn0.98, Al0.02)O (non-magnetic) film looks similar to that of 
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the pure ZnO. In contrast, (Zn0.80, Al0.20)O film (magnetic) is significantly 
different from the pure ZnO, but its O K-edge is more related to the amorphous 
Al2O3. This suggests the presence of a large amount of amorphous Al2O3. It is 
worth noting that the electron structure of ZnO NCs is significantly different to 
that of bulk ZnO. Photoluminescence (PL) analysis is used to investigate the 
presence of defects inside (Zn1-x, Alx)O films. Fig. 4.12 (c) shows the PL results 
of (Zn1-x, Alx)O films with different Al molar contents. In the pure ZnO film, 
there are two distinctive peaks. The ultraviolet emission around 380 nm is 
attributed to the ZnO near band edge excitonic emission. A broad green emission 
centered on 550 nm is due to the defects inside the pure ZnO film.
 
The green 
emission could be assigned to oxygen defects. It is clear that the amount of 
defects in pure ZnO film is least comparing with ZnO films doped with Al. With 
the increase in the Al molar concentration, the ultraviolet emission is suppressed 
while the green emission is enhanced. 
Recently, Schoenhalz et al and Sundaresan et al pointed out that defects at 
the surface or grain boundaries can generate unpaired electrons and magnetic 
polarization in ZnO NCs [59, 60, 164]. Based on the theoretical simulation using 
density function theory, Schoenhalz et al showed that the magnetic moment is 
highly depends on the ZnO NC size with a range of saturation magnetization from 
0.01 to 0.04 μB [164]. Sundaresan et al suggested that the origin of 
ferromagnetism is due to the unpaired electron spins which have origin in the 
oxygen vacancies on the surfaces of ZnO NCs [59, 60]. These electrons located at 
the oxygen vacancies are polarized and can induce ferromagnetism. With this 
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frame work, the ferromagnetism found in (Zn1-x, Alx)O films may be due to the 
surface defects of ZnO NCs in the amorphous matrix. When the (Zn0.70, Al0.30)O 
film was further annealed in vacuum (10
-7
 torr) at 400
o
C for 60 minutes (after the 
annealing in air atmosphere), the ferromagnetism was enhanced by 20%. It is well 
known that the vacuum annealing increases defect density in the film. Therefore, 
the increment of Ms upon vacuum annealing should be attributed to the increase in 
surface defects. It may be concluded that the surface defects of ZnO NC play a 
critical role to ferromagnetism.  
 
4.4.4 Summary 
Room temperature ferromagnetism is observed in (Zn1-x, Alx)O films with Al 
molar concentration in the range of 0.16<x<0.50. The ferromagnetism may be 
attributed to the microstructure of ZnO NCs embedded in alumina-based ZnO-
Al2O3 amorphous matrix. The ferromagnetism has been found to be dependent on 
the volume percentage of the nanocystals and the crystal size. This work has 
shown a useful method to introduce ferromagnetism into transparent (Zn1-x, Alx)O 
film.  
 
4.5 Room temperature ferromagnetism of ZnO-MgO films  
As discussed in the previous section, the room temperature ferromagnetism 
was found in ZnO nanocrstals (NCs) embedded in ZnO-Al2O3 amorphous matrix. 
The magnetism was highly dependent on the ZnO NCs size and the defects 
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concentrations. Therefore, it is interesting and worth to study whether the 
mechanism of ferromagnetism in the ZnO-Al2O3 system can be applied to other 
ZnO based systems. Here, ZnO-MgO system is chosen as both Al2O3 and MgO 
can be served as host materials for ZnO nanocrystals.  
 
4.5.1 Experimental 
For the pulse laser deposition, (Zn1-x, Mgx)O target was prepared by mixing 
ZnO and MgO powders (Sigma, 99.99% purity) and then sintered at high 
temperature in the open furnace. The (Zn1-x, Mgx)O films were deposited at low 
temperature of 350
o
C and at oxygen partial pressure of 10
-4
 torr by using single 
(Zn1-x, Mgx)O target with different Mg compositions. The films were deposited 
onto quartz (110) substrates and the thickness of the films was kept at 100 nm. X-
ray diffraction (XRD) (Bruker, Advance D8), x-ray photoelectron spectroscopy 
(XPS) (Kratos AXIS Ultra DLD) and transmission electron microscopy (TEM) 
(JEOL 2010) were used for element identification, composition analysis and 
microstructure investigation. The magnetic properties were studied by a 
superconducting quantum interference device system (SQUIDs) (Quantum Design, 
MPMS, X5). The molar concentration of Mg was measured by energy dispersive 
spectrometry (EDX) and XPS. It is noted that both measurement techniques 








4.5.2 Structural property of ZnO-MgO films  
 
Fig. 4.13: HRTEM images of (a) pure ZnO;  (b) (Zn0.98, Mg0.02)O film; (c) (Zn0.80, 
Mg0.20)O  film, where black arrows indicate ZnO NCs embedded in the 
amorphous matrix; (d) fully amorphous structure in (Zn0.25, Mg075)O film.  
 
The microstructure of the (Zn1-x, Mgx)O film was investigated by both high 
resolution TEM (HRTEM) and XRD. Fig. 4.13 shows TEM images of (Zn1-x, 
Mgx)O film with different Mg contents. The pure ZnO film possesses a very 
uniform lattice, as shown in Fig. 4.13 (a). The calculated d spacing (0.26 nm) 
indicates that the film lattice is in the ZnO-(002) direction, which is consistent 
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with that in XRD results (2θ=34.4). The TEM image of (Zn0.98, Mg0.02)O film is 
shown in Fig. 4.13 (b). The crystal structure of ZnO is still intact with low Mg 
doping concentration. At the grain boundaries of ZnO grains, there is only a small 
portion of amorphous phase formed. Fig. 4.13 (c) illustrates the microstructure of 
(Zn0.80, Mg0.20)O film. It is clearly observed that ZnO NCs embedded in the 
amorphous ZnO-MgO matrix. Such ZnO NCs has been observed in ZnO-Al2O3 
system, discussed in the previous section 4.4.  The selected area electron 
diffraction (SAED) showed that ZnO NCs were polycrystalline. With further 
increment of Mg contents to x=0.75, (Zn0.25, Mg0.75)O film becomes fully 
amorphous, which is confirmed by SAED, as shown in Fig. 4.13 (d). XRD 
showed that there is no ZnO peaks with this film composition. Furthermore, there 
are no other secondary phases formed. This is probably attributed to the quite low 
deposition temperature (350
o
C). It was further confirmed by the glazing angle 
XRD (10
o
) and high resolution XRD (HRXRD) measurements.   
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4.5.3 Transport and magnetic properties of ZnO-MgO films 
 
Fig. 4.14: Carrier concentration and mobility of (Zn1-x, Mgx)O films with varied 
Mg molar concentrations is shown in (a); the calculated resistivity of (Zn1-x, 
Mgx)O film is shown in (b).   
 
The electrical transport properties were characterized by Hall measurement 
system (HL 5500PC, BIO-RAD). The carrier concentration, mobility, and 
calculated resistivity are shown in Fig. 4.14. In the pure ZnO film, the carrier 











respectively. The calculated resistivity in pure ZnO film is 47 mΩ-cm. With a 
small amount of Mg doping in ZnO film, both carrier concentration and mobility 
increase. For (Zn0.94, Mg0.06)O film, resistivity decreases to minimum of 13.8 mΩ-
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cm, which is mainly due to the formation of defects inside the film. The presence 
of defects increases the possibility of electron transport in the film [160]. With 
Mg molar concentration x>0.06, the resistivity increases again. Such phenomenon 
is highly related to amorphous phase formed surrounding ZnO grains. As the 
amorphous phase is non-conductive, both electron density and mobility are 
reduced. Therefore, resistivity of the film increases dramatically. When Mg 
content in (Zn1-x, Mgx)O film is above 25 mol%, the resistivity of the film is 
beyond our Hall measurement limit (>1 Ω-cm) . This is due to the complete 
formation of non-conductive amorphous phase separating the ZnO NCs. The 
result is quite consistent with the structural analysis, as shown in Fig. 4.13 (c). 
The film has an insulator-like behavior.  




Fig. 4.15: (a) Magnetic hysteresis loops of (Zn0.98, Mg0.02)O and (Zn0.80, Mg0.20)O  
films; (b) Saturation magnetization of (Zn1-x, Mgx)O films with different Mg 
molar concentrations.  
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The magnetic property of (Zn1-x, Mgx)O film was investigated by SQUIDs. 
The room temperature ferromagnetism (RTFM) is correlated with Mg molar 
concentrations in ZnO films, as shown in Fig. 4.15. The typical magnetic 
hysteresis loops of (Zn0.98, Mg0.02)O and (Zn0.80, Mg0.20)O films are illustrated in 
Fig. 4.15 (a) with subtraction of substrate signals. There is no room temperature 
ferromagnetism (RTFM) present in (Zn0.98, Mg0.02)O film. However, as Mg molar 
concentration increases to x=0.20, RTFM is found in this film. The saturation 
magnetization (Ms) reached 2.27 emu/cm
3
. The magnetic hysteresis loop is 
observed clearly with a coercivity of 150 Oe. The magnetic properties of (Zn1-x, 
Mgx)O films with a whole range of Mg composition (0≤x≤1) are studied, as 
shown in Fig. 4.15 (b).  When Mg doping concentration is low (x<0.06), there is 
no ferromagnetism is observed in (Zn1-x, Mgx)O film. Above the threshold 
concentration of Mg=6 mol%, the film becomes ferromagnetic at room 
temperature. Ms increases with increment of Mg contents and becomes saturated 
at Mg=20 mol%. With further increase of Mg composition, magnetism decreases 
and finally disappears about Mg=60 mol%. RTFM found in (Zn1-x, Mgx)O films 
with only a certain Mg concentrations can be explained by the microstructure of 
the film.  
With detailed analysis of microstructures and magnetic properties of (Zn1-x, 
Mgx)O films (Fig. 4.13 and Fig. 4.15), it is found that the RTFM may be highly 
related with ZnO NCs embedded in the ZnO-MgO amorphous phase present in 
the films. In pure ZnO films, no magnetism is found as there is absence of ZnO 
NCs. (Zn0.80, Mg0.20)O film shows a quite strong RTFM and concurrently, ZnO 
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NCs have been found in this film. With further increment of Mg molar 
concentration, the RTFM disappears and the film becomes fully amorphous (no 
ZnO NCs present).   
Rao and his coworkers also observed room temperature ferromagnetism in 
their undoped ZnO system [60]. They suggested that the origin of ferromagnetism 
was due to the unpaired electron spins which had origin in the oxygen vacancies 
on the surface of ZnO NCs. Besides, Hong et al found room temperature 
ferromagnetism in semiconducting oxide thin films, typically ZnO film [165, 166]. 
The origin of ferromagnetism was explained as the coupling of defects centers. In 
the previous section 4.4, Al doped ZnO films show room temperature 
ferromagnetism with Al molar concentration in the range of 16 mol% and 50 
mol%. The magnitude of RTFM Al doped ZnO film was related with size of ZnO 
NCs and defects concentration. Base on the discussion above, it is proposed here 
that the mechanism of RTFM of (Zn1-x, Mgx)O films may have similar origin as 
ZnO-Al2O3 system: RTFM induced in ZnO-MgO system is attributed to ZnO NCs 
and defects present in the films. Here, the investigation of the defects 
concentrations in the film is carried out using Raman and photoluminescence (PL) 
systems.  
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4.5.4 Optical properties of ZnO-MgO films 
 
Fig. 4.16: Raman spectra of (Zn1-x, Mgx)O films on quartz substrates with 
different Mg compositions in ZnO films. 
 
The optical properties of (Zn1-x, Mgx)O films were studied by Raman and PL 
spectroscopes. Raman spectra of (Zn1-x, Mgx)O films on quartz substrates with 
different Mg compositions are shown in Fig. 4.16. He-Cd laser was adopted as the 
exciting source with λ=325 nm. The hexagonal ZnO with wurtzite structure has a 
space group P63mc [167, 168]. Therefore, it gives six Raman-active phonon 
modes at 101 (E2 low), 381 (A1 TO), 407 (E1 TO), 437 (E2 high), 574 (A1 LO) 
and 583 (E1 LO) of first order, respectively. By considering the Raman selection 
rule on first order spectra, only A1 LO mode and E2 mode are predicted to be 
observed [167, 169]. In the (Zn1-x, Mgx)O films, the broad peak around 580 cm
-1
 
can be assigned to the superposition of A1 LO and E1 LO modes. It can be 
interpreted as induced by Zn interstitials or oxygen vacancies. The peak is 
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enhanced with the increase of Mg contents (0<x<0.25) in ZnO films, which is 
attributed to the increase of defects concentrations. In the (Zn0.25, Mg0.75)O film, 
the broad peak is almost suppressed as the film becomes fully amorphous.  
The change of defects with Mg contents in (Zn1-x, Mgx)O films can also 
observed by PL measurement. The PL results of (Zn1-x, Mgx)O films with 
different Mg compositions are shown in Fig. 4.17. In the pure ZnO film, there are 
two distinctive peaks. The ultraviolet emission around 380 nm is attributed to the 
ZnO near band edge (NBE) excitonic emission [31]. A broad green emission 
located at around 530 nm can be attributed to the deep level (DL) emission. The 
green emission can be assigned to oxygen vacancies and interface defects [170]. 
When Mg was doped into films, it was observed two phenomenon of PL spectra: 
(1) Near band edge emission (NBE) peaks have blue shift; (2) Relative intensities 
of defects peaks (530 nm) increase. The introduction of Mg into the films could 
not change the defects level position in the forbidden band, and the corresponding 
position of the green emission peak keeps unchanged except the relative intensity. 
The increment of relative intensity of defects peak compared to NBE peak 
indicates that the amount of defects increases with Mg composition in ZnO film. 
To confirm that the defects play an important role to cause RTFM in (Zn1-x, 
Mgx)O film, an additional experiment was performed. (Zn0.80, Mg0.20)O film was 
annealed in high vacuum (10
-7
 torr) for 30 minutes. The ferromagnetism was 
enhanced by almost 50%. It can be explained as heat treatment in vacuum 
introduced more defects into the (Zn0.80, Mg0.20)O film. 
 




Fig. 4.17: PL spectra of (Zn1-x, Mgx)O films on quartz substrates with different 
Mg composition in ZnO films. 
 
4.5.5 Summary 
It has been demonstrated that room temperature ferromagnetism can be 
induced in (Zn1-x, Mgx)O film with 0.06<x<0.50. For (Zn0.80, Mg0.20) film, high 
resolution TEM shows ZnO NCs are quite uniformly distributed in the ZnO-MgO 
amorphous phase. Raman and PL measurements confirm that there is a certain 
amount of defects present in the film. The origin of RTFM is highly probably 
related with defects surrounding ZnO NCs embedded in the ZnO-MgO 
amorphous phase, which is similar to the mechanism proposed for the rrom 
temperature ferromagnetism in ZnO-Al2O3 films.   
 




The room temperature ferromagnetism (RTFM) has been successively found 
in non-magnetic elements doped ZnO films. The ferromagnetism induced by 
magnetic dopants segregation has been ruled out as a possible ferromagnetism 
origin. As aforementioned, two types of ZnO based systems possess room 
temperature ferromagnetism: (1) metal clusters embedded into ZnO host materials 
and (2) ZnO nanocrystals embedded into amorphous oxide matrix such as Al2O3 
or MgO.  
In the former case, metal clusters embedded into ZnO matrix can be achieved 
by inter-diffusion of the top metal layer (eg, Al, Pt)and bottom ZnO layer with 
vacuum annealing. The optimum annealing temperature to achieve the highest 
saturation magnetization is 700
o
C with the pressure of 10
-7
 torr. The 
ferromagnetic properties can even be switched off if the films is further annealed 
in air (less oxygen vacancies). Furthermore, charge transfer is observed in 
between metallic Al and ZnO. The room temperature ferromagnetism can be 
explained by the charge transfer model described in section 1.4. The metal 
clusters can serves as a charge reservoir and defects created by metal doping shifts 
the density of states close to the Fermi energy, leading to the ferromagnetism.  
In the latter case, ZnO nanocrystals (NCs) are formed and quite evenly 
distributed in the amorphous oxide matrix such as Al2O3 or MgO. The highest 
saturation of magnetization is observed in the (Zn0.70, Al0.30)O film and (Zn0.80, 
Mg0.20)O film respectively. The ferromagnetism is independent to the carrier 
density in the films. Thus the ferromagnetism cannot be attributed to the carrier 
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mediated ferromagnetism. The structural defects have been detected by Raman 
and PL characterizations in both (Zn, Al)O and (Zn, Mg)O films. The 
ferromagnetism is correlated with the defects density in the film. Therefore, the 
structural defects such as oxygen vacancies should play a crucial role to induce 
ferromagnetism. Further annealing of (Zn0.70, Al0.30)O film and (Zn0.80, Mg0.20)O 
films in vacuum enhance the ferromagnetic property supports defects-induced 
ferromagnetism. Either donor impurity band model and or charge transfer model 
is a possible mechanism to explain RTFM. Though these is no significant charge 
transfer observed in between ZnO NCs and surrounding matrix due to the XPS 
detection limit, it still cannot rule out the charge transfer  model as a possible 
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5 Chapter 5 Room temperature ferromagnetism of Pt/oxide 
films 
5.1 Introduction 
As discussed in Chapter 4, Pt doped ZnO films are ferromagnetic above room 
temperature due to the interaction Pt clusters and ZnO matrix. It is naturally to ask 
whether Pt doped other oxide films show room temperature ferromagnetism. 
Moreover, recently noble metal nanoparticles (NPs), such as Pt, Au and Ag, are of 
fundamental interest and technological importance because of their applications in 
sensors, catalysts, and electronic nanoscale devices [171-175]. In general, noble 
metals in bulk are not ferromagnetic at room temperature. Recently, many 
research groups reported room temperature ferromagnetism (RTFM) in noble-
metal NPs, particularly Pt NPs [176-178]. Similarly, such anomalous magnetic 
properties has also been reported in oxide nanoparticles, such as ZnO and SnO2 
NPs [59-61, 165]. The ferromagnetism origin of these oxide and metal NPs is still 
not fully understood [31, 33, 68, 158, 179, 180].
 
Crespo et al reported 
experimentally that both permanent ferromagnetism and magnetic anisotropy 
have been observed in thiol coated Au NPs [68]. The spin-orbit coupling with 
reduction in symmetry of Au-Au and Au-S bonds is the possible explanation for 
the RTFM. Zhang et al found that magnetization could be increased significantly 
in Pt NPs, if amine coating was replaced by thiol [179]. Chemical routes were 
used in the fabrication of Pt NP’s in almost all the publications. As chemical 
routes might introduce magnetic impurities into NPs, leading to difficulty in 
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investigating the mechanism, it will be of interest to study the possible 
ferromagnetism in noble metal NPs with a physical preparation method. In this 
work, a systematic study on the Pt NCs embedded into different oxide matrices 
prepared by pulse laser deposition (PLD) is carried out.  
 
5.2 Experimental 
PLD was used to fabricate Pt/oxide films, in which Pt NCs were embedded 
into an oxide matrix. All oxide PLD targets were prepared by grinding oxide 
powders (Sigma, 99.99%) and then sintered at high temperature (T=1100
o
C) in 
the furnace. Pt (Sigma, 99.999%) and oxide were concurrently deposited on 
quartz substrate (110) at 400
o
C in high vacuum (HV) with a base pressure of 10
-8
 
torr. The film thickness was kept to be 100 nm. The deposited films were then 
characterized by x-ray diffraction (XRD, Bruker, Advance D8), Hall measurement 
(HL5500PC, BIO-RAD), x-ray photoelectron spectroscopy (XPS, Kratos AXIS 
Ultra DLD) and transmission electron microscopy (TEM, JEOL 3010). The 
magnetic properties were studied by a superconductor quantum interference 
device system (SQUID system, Quantum Design, MPMS, X5). The electrical 
measurements were performed in the standard four-probe configuration in the 
SQUID system. The constant current values were typically in the range of 0.1-0.2 
μA. The molar concentration of Pt was measured by energy dispersive x-ray 
spectroscopy (EDX) and XPS. It is noted that both measurement techniques 
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showed quite consistent results. Pt and oxide targets were not magnetic, 
confirmed by SQUID measurement 
 
5.3 Magnetic and structural properties of Pt/oxide films 
Table 5-1: Table І Resistivity (ρ) and Ms of pure oxide film and of Pt (25 
mol%)/oxide films in the 400
o
C and high vacuum (HV) deposited state (NCon 












ρ of Pt 
/oxide  
(Ω-cm) 


















Al2O3 NCon NMag 0.181 1.91 1.16x10
20
 0.297 
SnO2 0.089 NMag 0.084 1.74 3.07x10
20
 0.242 
SiO2 NCon NMag NCon NMag NCon NMag 
MgO NCon NMag NCon NMag NCon NMag 





All the samples were nonmagnetic, if the Pt/oxide films were deposited at 
room temperature. RTFM was found in Pt/oxide films deposited at 400
o
C. Table 
5-1 shows resistivity (ρ) and Ms of both pure oxide films and Pt (25 mol%)/oxide 
films deposited at 400
o
C in HV. Each magnetic moment value is an average from 
at least three measurements and all the experiments can be reproduced. The 
reason Pt concentration of 25 mol% was chosen is that this optimum Pt 
concentration gives the highest value of Ms in Pt NCs/oxide magnetic films (refer 
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to Fig. 5.2 (b)). It can be seen from Table I that all pure oxide films deposited at 
the 400
o
C (under high vacuum) are nonmagnetic. Pure SnO2 and ZnO films are 
conductive with ρ=0.089 Ω-cm and ρ=0.074 Ω-cm. The conductivity is attributed 
to the presence of defects in the oxide film, as reported previously [180]. Other 
pure oxide films have almost insulating behaviors (R>100 MΩ corresponding to 
ρ >1000 Ω-cm). As Pt (25 mol%)/oxide films were deposited at 400oC, Pt/(Al2O3, 
ZnO or SnO2) films showed RTFM while Pt/(MgO or SiO2) films were not 
magnetic. Among those magnetic films, Pt (25 mol%)/Al2O3 film shows highest 
magnetization with Ms=1.91 emu/cm
3
. The striking result is that magnetic Pt (25 
mol%)/Al2O3 film is conductive with a resistivity=0.181 Ω-cm. A reduction of 
resistivity is found in Pt/(ZnO or SnO2) films. The results imply that the room 




Fig. 5.1: HRTEM images of Pt(25 mol%)/ SiO2 film deposited at (a) RT and (b) at 
400
o
C in HV. The black arrows indicate the Pt NCs in the amorphous matrix. 
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High resolution TEM (HRTEM) was used to investigate the microstructure of 
the composite films. Fig. 5.1 (a) shows HRTEM image of Pt (25 mol%)/SiO2 film 
deposited at RT on the quartz substrate. From the image, the dark color NCs can 
be identified as Pt from the contrast since Pt has a much larger mass than that of 
Al2O3. In addition, from XRD analysis, Al2O3 is amorphous and Pt phase is 
crystalline. Therefore, the lattice of the NCs confirms the Pt phase of NCs. It is 
clearly that Pt clusters are quite uniformly distributed in the amorphous SiO2 
matrix with a cluster size=1-2nm. It is also noted that the film is not ferromagnetic 
and non-conductive. Other Pt/oxide films deposited at RT in HV have similar 
microstructures and they are all nonmagnetic. Fig. 5.1 (b) shows the 
microstructure of the (25 mol%)/SiO2 film deposited at 400
o
C in HV. Pt NCs are 
embedded into amorphous SiO2 matrix with an average diameter (d) about 5.7 nm. 
The selected area electron diffraction (SAED), as shown in the inset of Fig. 5.1 
(b), demonstrates the presence of fcc Pt NCs. Pt NCs have similar size with d=5-6 
nm in other Pt (25 mol%)/oxide films. For example, Pt NCs in Pt (25 
mol%)/Al2O3 films fabricated at 400
o
C have an average diameter of 5.3 nm, as 











Fig. 5.2: The in-plane hysteresis loops of Pt(2 mol%)/Al2O3 and  Pt(25 
mol%)/Al2O3 films respectively, deposited at 400
o
C in vacuum (the substrate 
signal is deducted). The insets are hysteresis loops before subtraction of the 
substrate signals. (b) Saturation magnetization Ms in the dependence on Pt 
concentration in Pt/Al2O3 films. (c) The relation of resistivity vs Pt concentrations 
of Pt/Al2O3 films. (d) HRTEM images of Pt/Al2O3 films with different Pt 
concentrations: (i) Pure Al2O3; (ii) Pt=25 mol%; (iii) Pt=60 mol%; (iv) Pure Pt.  
 
The introduction of Pt into oxide film can enhance conductivity and 
particularly, it can turn insulating and nonmagnetic Al2O3 film to conductive and 
magnetic at room temperature. Therefore, we performed a detailed study on 
Pt/Al2O3 in this work. Fig. 5.2 (a) shows the magnetic hysteresis loop of Pt/Al2O3 
films with different Pt molar concentrations of 2 mol% and 25 mol%. As the Pt 
concentration is low (2 mol%), there is no ferromagnetic behavior in the film. The 
room temperature ferromagnetism appears for the sample with the Pt molar 
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concentration of 25 mol%. The saturation magnetization (Ms) of the film is 1.91 
emu/cm
3
 with a coercivity of 65 Oe at room temperature. The insets are hysteresis 
loops before subtraction of the substrate signals. The variation of Ms with Pt 
molar concentrations of Pt/Al2O3 films deposited at 400
o
C is illustrated in Fig. 5.2 
(b). It can be seen that there is a threshold in Pt molar concentration (12 mol%) to 
induce ferromagnetism in the Pt/Al2O3 films. As the Pt molar concentration 
increases further (60 mol%), the ferromagnetism disappears. The resistivity vs Pt 
molar concentrations plot of Pt/Al2O3 films fabricated at 400
o
C is shown in Fig. 
5.2 (c). It is noted that carriers in all conductive films are electrons. When Pt 
concentration is below 12 mol%, the film is nonconductive (ρ>1000 Ω-cm). The 
same threshold of room temperature ferromagnetism and conductivity of Pt 
concentration suggests that the ferromagnetism may be related to the conductivity. 
As Pt concentration increases, the film becomes conductive and the conductivity 
increases with Pt concentrations. Fig. 5.2 (d) is HRTEM images of Pt/Al2O3 films 
with different Pt concentrations: (i) pure Al2O3; (ii) Pt=25 mol%; (iii) Pt=60 
mol%; (iv) pure Pt. These microstructures of Pt/Al2O3 films can explain the 
resistivity change in Fig. 5.2 (c), as labeled in blue arrows. With low Pt 
concentration (<12 mol%), there are few Pt NCs formed and the film is non-
conductive, as shown in Fig. 5.2 (d(i)). With the increase in Pt concentration (12 
mol%<Pt<60 mol%), conductivity increases with the concentration of Pt NCs in 
the film, as shown in Fig. 5.2 (d(ii)). In the films with Pt>60 mol%, Pt NCs grow 
larger (3.5 nm<d<10nm) and they form continuous Pt regions, making film highly 
conductive, as shown in Fig. 5.2 (d(iii)). Therefore, the disappearance of 
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ferromagnetism may also be associated with the size of Pt NCs beside the film 
conductivity. Fig. 5.2 (d(iv)) shows crystalline single-phase Pt film. The lattice 
spacing of 0.20 nm corresponds to the (111) Pt planes. 
 
5.4 Ferromagnetism origin of Pt/oxide films 
After the discussion above, it may plausibly propose the possible mechanism 
of RTFM in Pt/oxide films as following. The ferromagnetism of Pt/oxide films 
highly depends on the both Pt NCs size and conductivity of the films. For low 
concentration of Pt, non-conductive Pt/Al2O3 films consisting Pt NCs with small 
diameter (d< 2nm) are nonmagnetic. For intermediate concentrations of Pt (12 
mol%<Pt<60 mol%), conductive Pt/Al2O3 films with certain size of Pt NCs 
(d~5nm) show RTFM, as shown in Fig. 5.2 (d(ii)). For high concentrations of Pt, 
Pt NCs size becomes bigger(~10nm) and TEM image has shown that all the Pt 
phases have connected each other. Surprisingly, RTFM is suppressed, though the 
film is very conductive. It can be concluded that ferromagnetism only appears in a 
certain size range 4nm<d<6nm for Pt NCs in Pt/Al2O3 films and the film must be 
conductive. Liu et al observed the similar dependence of moment on the particle 
size in CeO2 system [162]. From above analysis, Pt/MgO and Pt/SiO2 films are 
not conductive and they are not ferromagnetic. Therefore, the room temperature 
ferromagnetic ordering in Pt/Al2O3, Pt/ZnO and Pt/SnO2 may be due to the carrier 
mediation since carrier mediated ferromagnetism has been reported previously in 
oxide system by many research groups [151, 181, 182]. 




Fig. 5.3: (a) R-T plots of Pt(25 mol%)/Al2O3 film w/ and w/o external field. (b) 
lnσ-T-1 plots of the same film in (a). (c) lnσ-T-1 curves of the same film in (b) at 
T>100K. (d) lnσ-T-1/2 plots of the same film in (b) at T<100K. (e) ZFC-FC plot of 
Pt(25 mol%)/Al2O3 film. (f) Hc-T plot of Pt(25 mol%)/Al2O3 film.  
 
As the ferromagnetism in Pt/Al2O3 film is related with its electrical property, 
we performed R-T measurement of the Pt (25 mol%)/Al2O3 film. Fig. 5.3 (a) 
shows the R-T plots of Pt (25 mol%)/Al2O3 film with and without external 
magnetic field of 2 Tesla. For measuring T<50K, the film becomes almost 
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insulating and it is beyond our four probe measurement limit. The R-T curves 
overlap when measuring T>100K. However, R-T curves separate with T<100K. 
The R-T curves have semiconductor                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
behaviors and resistance of the film show different behaviors below 100K in the 
presence of magnetic field. Fig. 5.3 (b) lnσ-T-1shows the two plots of the same 
film. It is quite clear that transport property of charge in Pt (25 mol%)/Al2O3 film 
is determined by two mechanisms, labeled as Region 1 (T>100K) and Region 2 
(T<100K). Fig. 5.3 (c) shows the Arrhenius plot of the conductance for Region 1. 
This region having Arrhenius-like T dependence is typical for a thermally 
activated process. The curve can be well fitted with σ=σ0exp(-Ea/kT), where Ea is 
the activation energy for charge transport. From the slope of the Arrhenius plot, 
we found Ea=65 meV. Fig. 5.3 (d) shows lnσ-T
-1/2
 plot of the same film at 
T<100K (Region 2). σ(T) is best described by the expression, σ= σ0exp[-(T0/T)
1/2
]. 
It is the typical temperature-dependence of the Efros-Shklovskii variable range 
hopping (ES-VRH), where T0=2.8e
2/4πεε0kBa and a is the localization length or 
decay length of the electronic wave function [183-185]. From the fitting, we 
obtained T0=2821K and T0=571K with and without external field respectively. 
Using T0=2821K in the absence of magnetic field, we estimated that a=1.9 nm, 
which is in the same order of Pt NCs size. In this case, charge carriers have a high 
probability of hopping with Pt NCs as hopping sites. It is also noted that the 
hopping conductions have been observed for Pt NCs embedded in ZnO and SnO2 
films. Hopping conduction behavior is commonly observed in (i) metal-insulating 
composite films [184, 186]
 
and (ii) amorphous or doped semiconductor materials 
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[187]. Our film is similar to the former group. Furthermore, we did not observe 
hopping conduction in Pt/Al2O3 film with low Pt concentration (Pt<12 mol%) or 
high Pt concentration (Pt>60 mol%). The different R-T behaviors of Pt (25 
mol%)/Al2O3 film with and without magnetic field measured below 100K may be 
attributed to Zeeman effect. In the presence of external magnetic field, the 
degeneracy of Pt energy state splits into two energy states. One has lower energy 
level with more carriers located into it and the other has slightly higher energy 
level with fewer carriers located. Due to Zeeman splitting, resistance of the film 
increases in the presence of magnetic field. The change of resistance is less 
obvious at high T as the energy change due to Zeeman Effect is quite insignificant 
with the thermal energy. Fig. 5.3 (e) shows ZFC-FC curve of Pt (25 mol%)/Al2O3 
film. The film has a high curie temperature (Tc) above 300K. Besides, there is 
kink in ZFC curve around T=100K. Coercivity-temperature (Hc-T) curve of Pt (25 
mol%)/Al2O3 film shows a quite significant step around T=100K, as shown in Fig. 
5.3 (f). At T<100K, higher coercivity indicates that electron is more difficult to 
flip spin. It is consistent with higher resisitivity in presence of magnetic field 
comparing with that in the absence of magnetic field when T<100K.  These 
results strongly imply that the ferromagnetism is associated with electron hopping 
effect, as these electrons participate in Zeeman splitting. 
From R-T curve of Pt(25 mol%)/Al2O3, the conductance is dominated by 
hopping conduction, while the conductance of Pt(60 mol%)/Al2O3 is dominated 
by conduction channel of Pt. The possible mechanism to explain the RTFM 
observed is the electron hopping, which may mediate the surface dangling 
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magnetic moment of Pt NCs via RKKY coupling to form ferromagnetic order. For 
higher Pt concentration (Pt>60mol%), Pt phase has connected to each other. There 
are few surface spin and hopping conduction. Thus the magnetization disappears. 
For Pt/MgO, Pt/SiO2, no hopping conduction has been observed. Therefore, the 
film is not magnetic. On the other hand, the ferromagnetic order may also be from 
defects created with Pt and oxide co-deposition. However, from previous 
discussion, Pt/MgO and Pt/SiO2 are not magnetic, which have similar 
microstructure to that of Pt/Al2O3. In addition, we also deposit Ag and Au into 
Al2O3 or ZnO matrix and no ferromagnetism is observed. It indicates that both 
surface spins of Pt and film conductivity are attributed to the room temperature 
ferromagnetism. Surface spins of Pt nano-scaled structure have been previously 
reported by Zhang et al [179] and  Fernández-Rossier et al [188]. These surface 
spins are magnetic. Wiebe et al found experimentally that surface spins of Pt were 
located at the defects vicinities [189].  
 
5.5 Summary 
In summary, RTFM has been observed in Pt NCs/(Al2O3, ZnO or SnO2) films 
while no ferromagnetism has been found in Pt NCs/(MgO or SiO2) films. The 
ferromagnetism is dependent on Pt NC size and matrix. The surface spins of Pt 
NCs mediated by hopping electrons via RKKY coupling are attributed to the 
RTFM. For Pt (25 mol%)/Al2O3 film,  thermal activated charge transport is 
dominant at high temperature region while hopping conduction is dominant at low 
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temperature region. In the presence of external magnetic field, higher resistance is 
observed comparing with that of absence of magnetic field, which is attributed to 
Zeeman Effect.  
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6 Chapter 6 Room temperature ferromagnetism in (C, N) co-
doped ZnO films  
6.1 Introduction 
As mentioned in Chapter 4, the doping of non-magnetic elements into ZnO 
films result in high temperature ferromagnetism in these films. These non-
magnetic elements are all metallic elements, such as Al, Pt and Mg. It is of 
interest to study whether the doping of non-metallic elements (eg, C or N) can 
cause room temperature ferromagnetism in ZnO films. Pan et al previously 
reported that C doped ZnO films showed room temperature ferromagnetism and 
the mechanism of ferromagnetism was due to the interaction of C 2p and O 2p 
orbitals (p-p interaction) [30]. In this chapter, a systematic study of C doped ZnO 
films are carried out. Furthermore, to enhance the ferromagnetism through co-
doping  of ZnO films with C and N is investigated. A theoretical model using first 
principles calculations is proposed to understand the mechanism of enhanced 
ferromagnetism of (C, N) doped ZnO films. 
 
6.2 Experimental  
ZnO and carbon powders were used for preparation of pure ZnO and C 
doped ZnO targets. The targets were sintered in a quartz tube furnace at a 
temperature of 1000 °C for 30 min under Ar atmosphere. No ferromagnetism 
could be found in pure ZnO and C powders. The films were grown on x-cut 
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quartz substrates at a substrate temperature of 400 °C by a pulsed laser deposition 




 were introduced during 
the film deposition. X-ray diffraction (XRD), secondary ion mass spectroscopy 
(SIMS), X-ray photoelectron spectroscopy (XPS), energy dispersive spectroscopy, 
and superconducting quantum interference device systems (SQUIDs) were used 
for element identification, composition analysis and magnetic properties 
measurement. 
 
6.3 Room temperature ferromagnetism of C doped ZnO films 
The relation of the room temperature saturation magnetization as a function 
of C contents in the C doped ZnO films is shown in Fig. 6.1. Pure ZnO film is 
non-ferromagnetic. ZnO doped C films show ferromagnetism above room 
temperature. The saturation magnetization is saturated around C=2%, with the 
maximum saturation magnetization Ms=1.1 emu/cm
3
.  There is no significant 
fluctuation of magnetization with further increment of C concentration is the films, 
as illustrate in Fig. 6.1 (a). The result is consistent with the observation reported 
by Pan et al [30]. To further confirm the high Curie temperature for C doped ZnO 
films, ZFC and FC measurement was carried out. Fig. 6.1 (b) shows the ZFC and 
FC curves of the ZnO:C (2%) film. It is unambiguously to clarify that the Curie 
temperature of the film is above room temperature (300K).  
The transport property of C doped ZnO films were measured by Hall effect. 
All the films show n-type conduction behaviors. Fig. 6.2 illustrates the resistivity, 
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carrier concentration and mobility as a function of C concentration in the films. It 
is noted that 2-3% C doping concentration gives minimum resistivity. The 
substitution of O by C resulting in the generation of a large number of holes is 
attributed to the decrease of resistivity of ZnO films with low doping 
concentration of C. High concentration of C (>5 at%) causes C impurity 
formation and degrades the conductivity.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
 
Fig. 6.1: (a) Room temperature saturation magnetization as a function of C 
concentration in the films. (b) ZFC and FC curves for the ZnO: C (2%) film.   




Fig. 6.2: (a) Carrier concentration and mobility of C doped ZnO films with varied 
C concentrations; (b) resistivity of C doped ZnO films.  
 
 The mechanism of room temperature of ferromagnetism was previously 
proposed by Pan et al [30] from my research group, as discussed in section 1.5.2. 
The strong interaction of the C s and p orbitals with Zn s orbital results in splitting 
of C 2p  orbital near the Fermi energy level, which mainly contributes to the 
magnetic moment. The localized C 2p spins are coupled with the holes in O 2p 
states generated by C substitutions on O sites. Such p-p interaction induces global 
ferromagnetism in the C doped ZnO films. Though the experimental results of 
transport properties of C doped ZnO films show that the majority carrier in these 
films is electron, possibly due to the presence of defects and free C in C doped 
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ZnO films, there should always exist a sufficient number of holes as a minority 
carrier to mediate the ferromagnetic coupling.  
 
6.4 Room temperature ferromagnetism of (C, N) co-doped ZnO 
films 
6.4.1 Magnetic property of (C, N) doped ZnO films 
Not only C doping in ZnO films leads to ferromagnetism, N doped ZnO film 
also shows high temperature ferromagnetism. The saturation magnetization of 
ZnO: N (0.05 %) film is approximately 0.1 emu/cm
3
. Many other research groups 
found that N doping can induce ferromagnetism in ZnO films [190, 191]. 
Therefore, either C or N can induce the room temperature ferromagnetism in ZnO 
films. It is worth to study the magnetic properties of C and N co-doped ZnO films. 
As discussed in section 6.3, the saturation magnetization becomes saturated when 
C concentration reaches 2 at%. Thus, C concentration=2 at% is chosen for the 
study of C and N co-doped ZnO films. It should be noted here that when the N2O 
input gas is switched off, the pressure in the chamber is 10
-7
 torr (negligible N 
dopants). 
The concentration of N was measured by SIMS. Growth of ZnO: C (2%) 
films in the N2O ambient incorporates ZnO films with both C and N. As the N2O 
pressure increases, the concentration of N in the films increases as well, as 
illustrated in Fig. 6.3 (a). The plot can be fitted by a linear relation. Fig. 6.3 (b) 
shows the saturation magnetization of N doped ZnO:C (2%) films as a function of 
Chapter 6 Room temperature ferromagnetism of (C, N) co-doped ZnO films 
138 
 
N2O pressure. The saturation moments of the films increase with N2O pressures, 
ie N concentrations. In the PLD deposition, the highest pressure of N2O can only 
be reached to 10
-3
 torr, which is the limit of PLD system. Therefore, the maximum 
saturation magnetization is 2.2 emu/cm
3
, with the N2O pressure=10
-3
 torr of 
ZnO:C (2%) film.  
 
Fig. 6.3: (a) N concentration in ZnO: C (2%) films as a function of N2O pressure 
during PLD process; (b) The saturation magnetization of ZnO: C (2%) films as a 
function of N2O pressure.  
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6.4.2 Structural and electrical  properties of (C, N) co-doped ZnO films 
XRD spectra of N doped ZnO: C (2%) films grown at different N2O 
pressures are shown in Fig. 6.4. The XRD spectrum of ZnO: C (2%) film 
deposited at N2O pressure of 10
-7
 torr (concentration of N in the film=0 as shown 
in Fig. 6.3(a)) shows that ZnO (002) peak locates at 2θ=34.20o, which is much 
smaller than ZnO (002) in pure ZnO (34.40
o
). The decrease of 2θ corresponds to 
the expansion in the lattice constant. As C ions are incorporated into ZnO lattice 
structure by substituting O ions, the lattice parameter is increased (radius of O
2-
=0.140 nm, radius of N
-3
=0.171 nm,  radius of C
4-
=0.260 nm). With N doping into 
ZnO: C (2%) films, the lattice constant of ZnO further increases, and ZnO (002) 
locates at 2θ=34.06o for N2O pressure=10
-3
 torr.   
 
Fig. 6.4: XRD spectra of N doped ZnO: C (2%) films grown at different N2O 
pressures: (a) N2O=10
-7
 torr, (b) N2O=10
-6







 torr. (f)-(j) are magnified XRD spectra of (a)-(e), 
correspondingly. 
 




Fig. 6.5: Resistivity (mΩ-cm) and carrier concentration (cm-3) as a function of 
N2O pressure (torr) for N doped ZnO: C (2%) films.  
 
As the N is doped into ZnO:C (2%) films, the electrical properties of the 
films vary as well. As the N doping concentration increases, the resistivity of (C, 
N) co-doped ZnO film increases. The conduction of the films is attributed to the 
presence of intrinsic donor like defects such as interstitial Zn (Zni) or O vacancy 
(Vo) [192]. When N2O pressure reaches 10
-3
 torr, the resistivity is beyond the Hall 
measurement limit. High N doping concentration above 0.12% equivalent to N2O 
pressure of 10
-3
 torr suppress the conduction carriers in the (C, N) codoped ZnO 
films. Tang et al [192] reported similar suppression of conduction carriers in N 
doped ZnO films.   
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6.4.3 Optical  properties of (C, N) doped ZnO films 
 
Fig. 6.6: (a) Plot of (αһυ)2 vs photon energy for N doped ZnO:C(2%) films with 
various N2O deposition pressures; (b) Band gap as a function of N2O deposition 
pressures. 
 
Uv-vis-IR spectroscopy in the absorption mode was carried out to investigate 
the band gaps of (C, N) codoped ZnO films with various N concentration. Fig. 6.6 
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(a) shows the plot of (αһυ)2 vs photon energy for (C, N) co-doped ZnO films with 
various N2O deposition pressures, where α is the optical absorption coefficient 
and һυ is the photon energy of the incident photon. The band gap (Eg) can be 
determined by the Tauc’s law in the high absorbance region: 
αһυ=A(һυ-Eg)
n
,                                                                                                               
Eq 6.1 
where A is constant. For a directed Eg, n is equivalent to 1/2. ZnO is one of 
directed band gap materials, and n is chosen as 1/2. The Eg can be found by 
extrapolating the straight line portion of the spectrum to αһυ=0 [193]. Fig. 6.6 (b) 
illustrates the calculated Eg as a function of N2O deposition pressures using 
Tauc’s law. Eg decreases with increment of N doping concentrations. With 
negligible N dopants (pressure of N2O=10
-7
 torr), Eg is equivalent to 3.27 eV for 
ZnO:C(2%) film. The red shift of the optical band gap energy of N doped ZnO:C 
(2%) films is related to the incorporation of N into the films. Hu et al observed the 
red shift of Eg with the increment of P concentrations in P doped ZnO films [193]. 
Fig. 6.7 shows the PL spectra of N doped ZnO:C(2%) films with various 
N2O pressures. There are two distinctive peaks located at wavelength of 380 nm 
and 550 nm for the pure ZnO:C(2%) without N dopants. The ultraviolet emission 
around 380 nm is attributed to the ZnO near band edge (NBE) excitonic emission 
[31]. A broad green emission located at around 550 nm can be attributed to the 
deep level (DL) emission. The green emission can be assigned to oxygen 
vacancies and interface defects [170]. The green emission is red-shifted and 
suppressed with increment of N concentration (N2O pressure), indicating that N 
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dopants substitute O lattice sites, which are consistent with the XRD and UV-vis-
IR investigations as shown in Fig. 6.4 and Fig. 6.6 respectively.   
 
Fig. 6.7: PL spectra of N doped ZnO: C (2%) films with various N2O pressures.  
 
 
Fig. 6.8: Raman spectra N doped ZnO: C (2%) films with various N2O pressures.  
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Raman spectra of N doped ZnO:C(2%) films with various N2O pressures is 
shown in Fig. 6.8. The Raman modes at 463 and 356 cm
-1
 are assigned to the 
modes from quartz substrate. The Raman mode at 574 cm
-1
 is assigned to A1LO 
mode. As the N doping concentrations increase with higher N2O deposition 
pressure, the peak is red-shifted. When the N2O pressure reaches 10
-3
 torr, the 
peak located at 581 cm
-1
 can be assigned to E1LO mode. This broad peak around 
wave-number of 580 cm
-1
 is attributed to the presence of structural defects such as 
foreign dopants. Furthermore, two additional Raman peaks can be observed 
(marked by dashed blue rectangle) with wave-numbers of 514 and 649 cm
-1
, 
which are believed to be associated with N related compounds. It is very clear that 
N dopants are incorporated into ZnO lattice structure.   
 
6.5 Ferromagnetism origin of (C, N) doped ZnO films 
The ferromagnetism of C-doped ZnO films originates from the p-p 
interaction, as elaborated in section 1.5.2. To understand the enhancement of 
ferromagnetism by N in C-doped ZnO film, the first principles study was carried 
out by Shen from Physics Department (NUS) using density functional theory 
based planewave and pseudopotential methods. The calculation shows that 
nitrogen is expected to substitute for oxygen (NO) when it is doped into ZnO, as 
shown in Fig. 6.9. In (C, N) doped ZnO, NO can exist as an isolated defect or 
appear near a carbon defect CO, in the form of co-doping (defect complex). The 
calculations indicate that the latter is slightly favored energetically. In either case, 
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the presence of NO leads to an enhancement of ferromagnetism. An isolated NO 
carries a magnetic moment of 0.9 μB, while the presence of NO near a CO 
increases the magnetic moment from 2.0 μB per carbide carbon (on the oxygen 
site) to 2.8 μB for each defect complex. The calculated total and local density of 
states in the case of C and N co-doping clearly demonstrates that the N p states 
are spin polarized and contribute to the overall magnetic moment, and the C p 
states around the Fermi level are broadened due to interaction with N, leading to 
more stable spin-polarized state. Furthermore, additional holes introduced by N 
doping can enhance mediation of ferromagnetic coupling among the magnetic 
moments of the defects and lead to the significant enhancement of magnetization.  
 
 
Fig. 6.9: Comparisons of total density of states (a) and local density of carbon p 
states (b) in carbon-doped ZnO (red) and (C, N) co-doped ZnO (blue), 
respectively. The local density of nitrogen p states of the co-doped ZnO is also 
shown in (c). In the case of co-doping, C and N atoms substitute for O atoms 
which are closest each other, as shown in the inset of the lowest panel. The 
vertical dashed line indicates the Fermi level. 
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Even though the experimental results indicate that the majority carrier in the 
(C, N)-doped ZnO is electron (Hall measurement shows the all the films are n-
type), due possibly to the existence of free carbon and other types of defects such 
as oxygen vacancy or Zn interstitials. There should exist a sufficient number of 
minority carriers, i.e., holes, at finite temperature to mediate the spin alignment. 
 
6.6 Summary  
Room temperature ferromagnetism has been observed in C doped ZnO films 
with highest saturation magnetization of 1.1 emu/cm
3
 with corresponding C 
doping concentration of 2%. The ferromagnetism can be explained by the 
interaction of C 2p and O 2p states. The ferromagnetism is enhanced by C and N 
co-doping into ZnO films. The highest saturation magnetization reaches  2.2 
emu/cm
3
 with corresponding C concentration of 2% and N concentration of 
0.12% in ZnO films (the highest can be achieved in the PLD system). The 
mechanism of the enhanced ferromagnetism is attributed to (1) the spin-polarized 
N p states contributing to the overall magnetic moment, and the broadened C p 
states around the Fermi level due to interaction with N, leading to more stable 
spin-polarized state and (2) the generation of additional holes by N substitution 
mediating ferromagnetic coupling among structural defects.  
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7 Chapter 7 Room temperature ferromagnetism in carbon 
system 
7.1 Introduction 
Room temperature ferromagnetism has been observed in ZnO-based 
semiconductor oxides. As aforementioned results in Chapter 4 and 6, 
nonmangetic elements doped ZnO such as Al doped ZnO and C doped ZnO show 
ferromagnetic properties above room temperature, which intrigues further 
investigation of these host materials for spintronics application. Beside, the 
progressive discoveries of room temperature ferromagnetism in conventionally 
carbon-based systems challenge our basic understanding of ferromagnetism [115-
118]. The ferromagnetism in many C nanostructures (carbon nanotube, graphene, 
fullerene and graphite) is attributed to carbon dangling bonds or vacancies [115-
117, 119-121]. These findings provide opportunities to develop new functional 
materials, such as ―molecular and/or polymeric ferromagnets‖ and ―organic 
spintronic materials‖ without magnetic elements (for example 3d and 4f metals) 
[114, 122, 194-201], as carbon chain structure is the backbone in these materials. 
Ferromagnets and their applications have been widely studied and explored for 
several decades. In tradition, ferromagnetic materials contain magnetic elements, 
such as Fe, Co, Ni or rare earth elements with partial filled d or f orbitals. 
Recently, intensive attention has been drawn to ferromagnetism in ―non-
magnetic‖ materials, such as carbon-based systems [115-117]. Investigations on 
ferromagnetism in various C nanostructures have revealed that ferromagnetic 
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coupling in such systems originates from intrinsic structural defects, such as 
dangling bonds [113, 122] and vacancies [116, 121], which can change the 
localized electronic states at Fermi energy and eventually lead to a stable 
magnetic ordering. Curie temperature of these C nanostructures are generally high: 
1000±100 K for carbon nanotubes [202], 460 K for graphite [203] and 764 K in 
the case of grapheme [200]. Ferromagnetism was also reported in polyimide film 
after heat treatment [204], which is believed to be associated with structural 
defects.  
Furthermore, molecular and/or polymeric ferromagnets have been 
intensively studied in the past 2-3 decades [122, 194-198]. Usually, transition 
metal elements are introduced into molecular compounds to induce 
ferromagnetism. The ferromagnetism due to C-dangling bonds/defects in C 
nanostructures opens new opportunities, as C chain structure is the backbone in 
many polymeric and molecular materials. 
 
7.2 Experimental 
Teflon tape (high purity polytetrafluoroethylene, -(CF2)n) was purchased 
from Sigma-Aldrich.  No contamination (particularly magnetic 3d elements) was 
found in our XPS, SIMS and ICP examinations (under the detection limit of 1 
ppm).  Strips of Teflon tape with a typical length of 10 cm and a typical mass of 
0.08 g were used in our experiments.  For mechanical stretching, the Teflon strip 
was fixed on plastic rods and pulled slowly until it is broken.  To avoid magnetic 
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contamination, the Teflon tape was cut with a pair of ceramic scissors. The cut 
samples were immediately sealed in the SQUID holder for magnetic 
characterization. Annealing was done in a tube furnace under a controlled 
atmosphere (pure N2, pure Ar, 20%O2/80%Ar 2.5%H2/97.5%Ar, 0.1%H2/Ar and 
water steam) for 2 hour at a temperature in the range of 50 to 350°C. SQUID 
measurements were carried out in about 10 minutes on average after the samples 
underwent heat treatment. In order to confirm the ferromagnetism in 2D network 
of C-dangling bonds that may exist in other polymeric materials, we also 
examined low-density and high-density polyethylene sheets (purchased from 
Sigma-Aldrich) after mechanical stretching or cutting. 
XRD, Raman spectroscopy and FTIR were used to characterize the structure 
of the Teflon tape.  EDS attached to a scanning electron microscopy system, XPS, 
ICP and SIMS were used for elementary analysis. In order to rule out the 
possibility of ferromagnetism due to contamination, composition measurements 
were carried out before and after SQUID measurements. A SQUID system was 
used for the magnetic characterization. Saturation magnetization is obtained by 
averaging the values of at least three samples. 
First-principles calculations were performed using the VASP code [205] by 
the collaborators Lu et al in Department of Physics (NUS). The ultrasoft peusdo-
potentials were used to model electron-ion interactions while the generalized 
gradient approximation (GGA) [206] was used for exchange-correlation function.  
The k-space integration was done by summing over the Monkhorst-Pack [207] 
special points in the Brillouin zone. The Gaussian method, with a smearing width 
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of 0.01 eV was used in determination of the Fermi level. The plane wave basis set 
was restricted by a cutoff energy of 425 eV. A slab model was employed to 
simulate the fractured surfaces and a 15 Å vacuum region was used to ensure that 
there is negligible interaction between surfaces in neighboring cells. The forces 
acting on atoms are less than 0.05eV/ Å in the optimized structures. 
 
7.3 Room temperature ferromagnetism of Teflon tape 
Room temperature ferromagnetism can be realized in Teflon through very 
simple methods - cutting or mechanical stretching.  Teflon is chosen because of 
its good chemical stability, high melting temperature and availability in the form 
of thin and uniform tape, which can be easily cut or stretched.  The first-principles 
calculations performed reveal a strong ferromagnetic coupling of a two 
dimensional (2D) C-dangling bond network, which can be generated after 
mechanical stretching or cutting. 
Fig. 7.1 presents a schematic view of our experiments, and illustrates how 
cutting or stretching of the Teflon tape can lead to a network of C-dangling bonds. 
A thin and high-purity Teflon tape with a pseudo-hexagonal structure (Fig. 7.1 (a)) 
is cut (Fig. 7.1 (b)) or stretched (Fig. 7.1 (c)).  After the cutting, a two-
dimensional (2D) network of C-dangling bonds can be formed in the cross section 
of the broken Teflon tape.  Each C-dangling bond carries a magnetic moment of 1 
µB and the C-dangling bonds in the 2D network are ferromagnetically coupled, as 
shown in Fig. 7.1 (d).  Following a mechanical stretching with a large strain, a 
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network of C-dangling bonds may be generated.  Fig. 7.1 (e) illustrates a possible 
distribution of C-dangling bonds which are largely concentrated on the surface of 












Fig. 7.1: Experiment procedure. (a) Schematic illustration of carbon chain 
structure in Teflon tape (left) and hexagonal arrangement of carbon chains in 
Teflon (right). Carbon and fluorine atoms are shown in red and blue, respectively. 
(b) Illustration of cutting of a Teflon tape using a pair of ceramic scissors. (c) 
Illustration of stretching of a Teflon tape. (d) Schematic illustrations of dangling 
bonds created after cutting (i) and ferromagnetic ordering formed in the 2D 
network of carbon dangling bonds (ii, side view). Under-coordinated carbon 
atoms (with a dangling bond) are shown in green. The red arrows indicate 
magnetic moments. (e) A schematic illustration of C dangling bonds formed in 
Teflon by mechanical stretching (i). C-dangling bonds are highly concentrated on 
the surface of nano-sized voids generated by the mechanical stretching. A cross 
sectional view of 2D network of C-dangling bonds in crystalline Teflon is given 
in (ii). Carbon atoms with and without dangling bonds are shown in green and 
blue, respectively.  
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7.3.1 Structural characterizations of as-received and annealed Teflon tape 
X-ray diffraction (XRD) study of the as-received Teflon tape showed a 
crystalline pseudo-hexagonal structure with a=b=5.66 Å and c=19.5 Å, similar to 
the value reported by Bunn et al [208]. Raman spectroscopy analysis showed 
spectral features of crystalline Teflon.  It should be noted that annealing and 
mechanical stretching do not result in any noticeable changes in the XRD and 
Raman spectra (refer to Fig. 7.2& Fig. 7.3).  Bunn et al reported that the Teflon 
tape is highly crystalline below 20
o
C while there is partial disordering of the 
crystalline regions above 20
o
C. In this work, XRD measurement was carried out 
at 23
o
C. Based on the XRD results, it can be observed that a small disordering 
occurs in the crystalline regions (hump at 30-50 degree), which is consistent with 
Bunn’s observations [208]. Energy dispersive X-ray spectroscopy (EDS) and X-
ray photoelectron spectroscopy (XPS) showed that only F and C were present in 
the sample. No contamination of other elements (particularly 3d elements) was 
detected in XPS, secondary ion mass spectrometry (SIMS) and inductively 
coupled plasma (ICP) measurements under the maximum detection limit of 1 ppm. 
As contamination of magnetic elements is a common source of ferromagnetism 
observed in non-magnetic materials, it is important to rule out such a possibility. 
At the detection limit of 1 ppm, contamination of Fe which has the highest 
magnetization among the 3d elements would result in a saturation magnetization 
(Ms) of 0.2 memu/g. Since this value is much smaller than the measured 
magnetization in our sample, we conclude that the ferromagnetism in the Teflon 
sample is not due to contamination by magnetic elements. 




Fig. 7.2: XRD spectra of original Teflon tape and Teflon tape subjected to Ar 
(150
o
C) annealing. The peaks are labeled in the figure above. 
 
 
Fig. 7.3: Raman spectra of original Teflon tape and Teflon tape subjected to 
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7.3.2 Magnetic properties of Teflon tape subjected to stretch 
 
 
Fig. 7.4: Tuning of magnetic property of Teflon tape by mechanical stretch.  (a) 
Teflon tape before and after stretch. (b) Force-strain curve of Teflon tape subject 
to mechanical stretch. (c) Magnetization curves of as-received Teflon tape 
(unstretched) and tapes subjected to different strains. (d) Hysteresis loops of 
different parts, ―break‖, ―middle‖ and ―ends‖, of a stretched Teflon tape (see inset 
and main text for definitions). The typical length and mass of Teflon tape used in 
the experiment are 10 cm and 0.08 g, respectively. The diamagnetic background 
has been removed from the hysteresis loops.  
 
The experiment started with mechanical stretching of Teflon tape in air with 
a tensile test machine. The original, elongated and broken tapes are shown in Fig. 
7.4 (a). A typical force-strain plot of the stretching process is depicted in Fig. 7.4 
(b). Necking starts at a strain of approximately 35% (corresponding to stress 
~10MPa) and the Teflon tape is completely broken at a strain of around 100%. 
Magnetic measurements were carried out at room temperature and the results are 
shown in Fig. 7.4 (c) (The M-H loops obtained before subtraction of diamagnetic 
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background is shown in Fig. 7.5). SIMS and ICP carried out following the 
superconducting quantum interference device (SQUID) measurement did not 
reveal any magnetic impurities within the detection limit of 1ppm. From the M-H 
loops, it is clear that the original Teflon tape is non-magnetic. However, for the 
tape subjected to a strain of 30-40%, the M-H curves shows a characteristic 
hysteresis loop and the saturation magnetization increases with increasing 
mechanical strain. The saturation magnetization reaches its maximum value of 
~0.3 memu/g when the Teflon tape is broken. The coercivity in the order of 100 
Oe in the M-H loop confirms the ferromagnetism. The threshold of the strain for 
emerging ferromagnetism coincides with the necking of the Teflon tape (strain 
~35%), suggesting that the ferromagnetism in the Teflon tape is related to its 
structural deformation. Non-uniform magnetization was also found along the 
stretched Teflon tape.  
To further examine the magnetic property and structure relationship, we cut 
the stretched Teflon tape into three parts and label them ―end‖ (less stretched part), 
―middle‖ (middle part with moderate strain) and ―break‖ (near the break point, 
with the highest mechanical strain). The saturation magnetization of the ―break‖ 
part was found to be the highest (Fig. 7.4 (d)), while the saturation magnetization 
of the ―end‖ part is the lowest. The results reveal that room temperature 
ferromagnetism can be induced by a mechanical stretching, and the origin of the 
ferromagnetism could be due to the dangling bonds created by the mechanical 
stretching. 
 




Fig. 7.5: (a) M-H loop of the original Teflon tape (without stretch) and (b) Teflon 
subjected to mechanical stretch until broken down. No background subtraction 
has been performed. 
 
7.3.3 Magnetic property of Teflon tape subjected to cutting 
Cutting is another simple way to generate 2D network of dangling bonds in 
the Teflon tape. In this work, the Teflon tape was cut by a pair of ceramic blade 
scissors in different environments, as shown in Fig. 7.6. SQUID measurement 
indicates that the Teflon tape cut in the air, pure N2, pure Ar or 0.1% H2/Ar is 
ferromagnetic at room temperature. Since the magnetization of a single cut is too 
low to be detected, 100 cuts from the same Teflon tape were used in the 
measurement and the resulting saturation magnetization is approximately 0.09 
memu/g (refer to Table 7-1). This value is close to the expected magnetization 
derived based on the total number of C-dangling bonds in the total cross section 
area after cutting, if each C-dangling bond carries a magnetic moment of 1 µB and 
magnetic moments from various C-dangling bonds are ferromagnetically coupled.  
In contrast, no ferromagnetism was observed for the tape cut under 2.5%H2/Ar, 
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Fig. 7.6: Homemade ceramic scissor. The blade of scissor for cutting is 
completely made of ceramics instead of stainless steel. The ceramic scissor can 
significantly reduce the unintentional introducing of magnetic iron into our Teflon 
samples.  
 
Table 7-1: Saturation magnetization Ms (in memu/g) of Teflon tape (PTFE), low-
density polyethylene (LDPE) and high-density polyethylene (HDPE) after cutting 
at room temperature under different atmospheres. 
 










PTFE 0.092 0.089 0.092 0.091 0 
LDPE 0083 0.080 0 0 0 
HDPE 0.082 0.081 0 0 0 
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7.3.4 Magnetic property of Teflon tape subjected to annealing 
 
Fig. 7.7: Effects of annealing temperature and environment on magnetic property 
of Teflon tape.  (a) Saturation magnetization Ms as a function of annealing 
temperature of the Teflon tape  annealed in pure Ar for 2 h (dashed blue line is a 
guide for the eyes). (b) The normalized remanent magnetization as a function of 
temperature, and fittings to various models. Mr(0)=0.67 mumu/g. (c) Saturation 
magnetization of Teflon tapes after annealing at 150 C under different 
atmospheres. (d) Hysteresis loops of Teflon tape immediately after annealing in 
pure Ar, after storage in desiccator for 25 days and after the exposure in air for 25 
days, respectively. 
 
Stability of the ferromagnetism is important if this property of Teflon is to be 
used for potential engineering applications. To examine how the annealing 
temperature and atmosphere affect the stability of ferromagnetism, Teflon tapes 
were first annealed (stretched and as-purchased) under different atmospheres, and 
it was found surprisingly that the saturation magnetization of mechanically 
stretched Teflon tape increased from 0.3 memu/g (as shown in Fig. 7.4 (c)) to 1-3 
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memu/g after annealing at 100-200 °C for 2 h in Ar atmosphere.  In addition, the 
as-purchased (unstretched) non-magnetic Teflon tape also became ferromagnetic 
after annealing at 100-200 °C in Ar atmosphere, with saturation magnetization of 
1-3 memu/g at room temperature. This motivated me to carry out a systematic 
study to investigate the effects of annealing temperature and atmosphere on the 
ferromagnetism of as-purchased non-magnetic Teflon tapes. 
Fig. 7.7 (a) shows the saturation magnetization of the Teflon tape annealed 
for 2 h in pure Ar as a function of annealing temperature. The magnetization 
increases with the annealing temperature until reaching a maximum at 150°C, and 
then decreases with further increase in annealing temperature.  A pro-longed 
annealing at 150 ˚C (up to 10 h) did not result in any significant change in the 
saturation magnetization. The ferromagnetism eventually vanishes when the  
annealing reaches 350 C, which is close to the melting temperature of Teflon 
(340-350 °C), as determined in the differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) measurements (refer to Fig. 7.8). The thermal 
DSC and TGA analysis are usually to investigate the both melting and 
decomposition temperature of polymers. DSC is a thermo-analytical technique, in 
which the amount of heat energy required to increase the temperature of sample is 
recorded. The trough of DSC curve indicates the melting process (extra heat is 
required to change phase) and the minimum is approximately the melting 
temperature. TGA is to determine changes in weight in relation to change in 
temperature. A derivative weight loss curve is used to determine a specific 
temperature where the weight loss is most apparent. Thus, this temperature can be 
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assigned as decomposition temperature. Comparing both DSC and TGA results, 
the melting temperature of Teflon tape is 345
o
C (melting does not involved any 





C (both shown in DSC and TGA). From the value of saturation 
magnetization (2-3 meum/g) when Teflon tape was annealed in Ar for 2 h, one 
can derive that approximately 0.001% of the C atoms in the Teflon sample have 
dangling bonds.  This concentration is beyond the detection limit of Raman, 
Fourier transform infrared spectroscopy (FTIR) and other structural 
characterization techniques. 
Fig. 7.7 (b) shows the temperature dependence of normalized remanent 
magnetization (Mr/Mr(0)) on temperature of the sample annealed at 150 
o
C.  The 
experimental data (solid squares with error bars) can be described by spin-wave 
theory based on a uniaxially anisotropic 2D Heisenberg model, in conjunction 
with an Ising model [203, 209]. The blue dotted line and magenta dashed curve in 
Fig. 7.7 (b) are derived from the spin-wave theory [210] and the Ising model [211] 
respectively. The fitting parameters used here are the critical temperature of spin-
wave Tc
sw
=1160 K, anisotropy =0.001, and Curie temperature Tc=680 K. At low 
temperature (T<550K), the magnetization is a linear function of temperature, 
which can be described by spin-wave theory based on a uniaxially anisotropic 2D 
Heisenberg model. Spin flip excitation is considered near Curie temperature and 
Ising model provides a better description for spin flip excitation. It is unequivocal 
that the theoretical model (red curve) from the conjunction of spin-wave theory 
and Ising model fits the measured data well and the Curie temperature obtained is 
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approximately 680 K. It should be noted that the Curie temperature is high, 
similar to those reported in carbon nanostructures (i.e., 1000 K for carbon 
nanotubes, 764 K for graphene, and 460 K for graphite) [200, 202, 203]. Based on 
the above discussion, the disappearance of ferromagnetism at 340-350 ˚C (613-
623 K) can be attributed to melting of Teflon.  
 
 
Fig. 7.8: (a) Differential scanning calorimetry (DSC) and (b) Thermogravimetric 
analysis (TGA) of original Teflon tape. 





Fig. 7.9: Effects of cyclic annealing in different environments. (a) Saturation 
magnetization Ms of Teflon tape subjected to alternative annealing in pure Ar (A, 
black) and water steam (S, blue) at 150 C for 2 h. (b) Saturation magnetization M 
of Teflon tape subjected to annealing under pure Ar, 2.5% H2/Ar (A-H, in 
magenta), and pure Ar at 150 C for 2 h. ―ON‖ stands for ferromagnetic state 
whereas ―OFF‖ represents non-ferromagnetic state. 
 
As mentioned earlier, Teflon cut under the high partial pressure of H2 
atmosphere did not exhibit ferromagnetism. To investigate how the atmosphere 
affects the magnetic property of Teflon, heat treatment in different atmospheres 
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was carried out. The as-purchased Teflon tape was used as the starting material 
and the annealing was done at 150°C.  As shown in Fig. 7.7 (c), ferromagnetism 
appears after annealing in pure Ar, N2, 0.1%H2/Ar or 20%O2/Ar, but not after 
annealing under water steam and 2.5%H2/Ar. This indicates that the 
ferromagnetism is unstable under water steam or H2-containg atmosphere with a 
relatively high H2 partial pressure. Fig. 7.7 (d) shows that the ferromagnetism is 
relatively more stable under a dry environment (after 25 days in a desiccator).  
However, the saturation magnetization is reduced significantly after an exposure 
of the sample in air for 25 days.  Since the H2 partial pressure in air is in the order 
of 10
-6
 atm (0.0001%), and the ferromagnetism is stable under 0.1%H2/Ar (Fig. 
7.7 (c) and Table 7-1), the decrease in magnetization after a 25 day exposure of 
the sample in air should be mainly attributed to humidity (Humidity in Singapore 
is usually high). 
To further understand the effects of water vapor or H2 on the magnetic 
property of Teflon, a cyclic annealing was performed and the results are shown in 
Fig. 7.9.  Using the non-magnetic as–purchased Teflon tape as the starting 
material, the first annealing in Ar atmosphere at 150 °C induces room temperature 
ferromagnetism with a saturation magnetization of 2-3 memu/g. However, a 
subsequent annealing in water vapor at 150 °C nearly eliminates the 
ferromagnetism. Surprisingly, annealing under Ar atmosphere at 150 °C again 
fully recovers the ferromagnetism. The ferromagnetic state can thereby be 
switched ―on‖ and ―off‖ by performing cyclic annealing, as shown in Fig. 7.9 (a). 
Presence of water molecules in Teflon tape was examined using FTIR.  A weak 
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peak was found at the wavenumber 3440 cm
-1
 in the as-purchased Teflon tape, 
indicating presence of adsorbed water molecules [212, 213]. After annealing in Ar 
at 150 °C, the peak disappeared.  But it appeared again with a similar relative 
intensity after subsequent treatment in steam.  
Fig. 7.9 (b) shows the effect of annealing under H2 atmosphere (2.5%H2-Ar). 
Room temperature ferromagnetism appears after first annealing of the as-
purchased Teflon tape under pure Ar atmosphere at 150 °C.  Similar to the 
annealing under steam environment, the second annealing under 2.5%H2-Ar 
results in the disappearance of ferromagnetism. However, the ferromagnetism 
cannot be recovered after further annealing at 150°C in pure Ar.  
7.4 Ferromagnetism mechanism of Teflon tape 
Based on the above results, we might plausibly propose a mechanism for the 
ferromagnetism based on the presence of a large quantity of C-dangling bonds as 
a result of breaking of carbon chains due to cutting or stretching.  As water 
molecules can be easily attached to C-dangling bonds, ferromagnetism disappears 
after annealing in water steam.  However, the binding of water molecules to the 
C-dangling bonds is very weak, and they can be removed by annealing in Ar. 
Therefore, the vanished ferromagnetism in the Teflon tape can be recovered by 
annealing in Ar. Although a large quantity of C-dangling bonds may be created in 
the as-purchased Teflon tape during the fabrication process, the Teflon tapes do 
not show ferromagnetism in the as-received state, probably due to attachment of 
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water molecules. A simple annealing removes the water molecules and leads to 
room temperature ferromagnetism, as demonstrated in Fig. 7.7. 
To support the proposed mechanism, the bulk Teflon which should contain 
negligible amount of C-dangling bonds was examined since bulk Teflon is less 
stretched during fabrication. Interestingly, no ferromagnetism could be observed 
after the bulk Teflon is annealed in Ar at 150 °C.  Furthermore, the expected FTIR 
peak at 3440 cm
-1 
was not seen after the bulk Teflon was annealed in water steam, 
confirming that water molecules are not incorporated in bulk Teflon. On the other 
hand, the bulk Teflon becomes magnetic after cutting. These results suggest that 
annealing the as-received bulk Teflon in Ar does not lead to ferromagnetism due 
to the absence of dangling bonds in the sample. But cutting or stretching may 
generate C-dangling bonds in bulk Teflon and result in ferromagnetism. 
The decrease in magnetization after annealing under Ar atmosphere at 
200 °C or higher and disappearance of ferromagnetism at melting temperature of 
Teflon (~350 
o
C) can be explained by structural reconstruction since Teflon 
undergoes significant structural change at temperatures above 200 
o
C [208]. For 
example, C-dangling bonds can be eliminated or reduced by joining together. On 
the other hand, C-dangling bonds may be saturated by H by forming C-H bonds 
under a relatively high H2 partial pressure (in the order of 2.5 vol%), which also 
leads to the disappearance of ferromagnetism. Formation of this type of bond is 
nonreversible after annealing at temperatures up to 250 
o
C. Reversible 
hydrogenation has been observed in graphene after annealing at a temperature of 
450
o
C [214]. However, for Teflon, an annealing temperature higher than 250 
o
C 
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may cause structural damage. It is noted that the effect of H2 on the magnetism of 
Teflon is different from that in other carbon nanostructures, such as carbon 
nanotube and graphene, in which the formation of C-H bond enhances the 
ferromagnetism [200, 202, 215]. 
 
 
Fig. 7.10: Results of first-principles calculations and mechanism of 
ferromagnetism. (a) The energy difference between ferromagnetic and 
antiferromagnetic states (EFM – EAFM) as a function of C-C distance in the 1D 
chain of C-dangling bonds. (b) The energy difference between ferromagnetic and 
antiferromagnetic states (EFM – EAFM) as a function of C-C distance in the 2D 
network of C-dangling bonds and in the 2D network of C-dangling bonds attached 
with H2O; (c) Side view and (d) top view of spin density in the 2D network of C-
dangling bond model of Teflon tape; (e) Spin-polarized density of states of 2D C-
dangling bonds. The Fermi energy is indicated by the vertical dashed line. The 
spin density is defined as the difference between spin-up and spin-down electron 
densities. Positive spin density is shown in yellow and negative ones in blue. 
Carbon and fluorine atoms are shown using red and blue balls, respectively. 
 
In order to understand the ferromagnetic ordering in the magnetic Teflon 
tape, we carried out first-principles calculations based on the density functional 
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theory (DFT). First of all, our DFT calculations show that a single C-dangling 
bond in a broken Teflon chain carries a magnetic moment of 1 µB. However, the 
moments of two C-dangling bonds from the same broken Teflon chain in the 
head-to-head configuration are either antiferromagnetically coupled in short 
distance or in a paramagnetic state when they are separated by more than 4 Å, and 
do not contribute to ferromagnetism in Teflon.   
As a matter of fact, when a Teflon tape is cut, there should be a large 
concentration of C dangling bonds in the cross-sectional plane and it is highly 
possible that these dangling bonds form a 1D chain or a 2D network, as illustrated 
in Fig. 7.10 (a) & (b). In the case of 1D chain of C-dangling bonds, our DFT 
calculations show that when the distance between the Teflon chain is around 4.8 
Å, the system energetically favors a ferromagnetic state, and its total energy is 59 
meV lower than that of the antiferromagnetic state. This inter-chain distance is 
close to the polymer chain separation (around 5.5 Å) determined from the XRD 
measurements.  The magnetic coupling between C-dangling bonds in the 2D 
network is even stronger. Our calculations revealed a ferromagnetic coupling of 
82 meV, when the Teflon chains are separated by 4.9-5.0 Å (Fig. 7.10 (b)) which 
again is close to the expected inter-chain separation (5.0-5.5 Å) in the hexagonal 
crystal structure of Teflon. The ferromagnetic coupling between C dangling bonds 
can be clearly seen from the spin densities shown in Fig. 7.10 (c) &(d).  The spin-
up densities are mainly localized around carbon atoms at the end of Teflon chains 
and they couple to each other via fluorine atoms between the carbon backbones. 
These spin-up densities also propagate into carbon atoms along the Teflon chains 
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but decay rapidly. At the same time, these states are well localized in energy. The 
calculated total spin-polarized density of states (DOS) show the localization of 
these states at the Fermi level (Fig. 7.10 (e)) and a large splitting between the spin 
up and spin down states. Only the spin-up component is occupied, while the spin-
down component is empty. 
Based on the experimental results, the ferromagnetism is unstable when the 
samples are exposed to air. The adsorption of water molecules or formation of 
bonds between the under-coordinated C and H or OH is likely the reason for the 
elimination of ferromagnetism. Results of our first-principles calculations confirm 
that a strong bond can be formed between the under-coordinated C and H or OH 
and the formation energy can be as high as 4.5 to 4.6 eV, as shown in Table 7-2. 
On the other hand, the adsorption energy of H2O attached to C dangling bonds in 
Teflon tape is only 0.48 eV. The experiments have shown that H, OH and H2O are 
possible to attach to C dangling bonds, suppressing the ferromagnetism. However, 
the ferromagnetism can be recovered if further annealing Teflon tape with C-
dangling bonds attached with H2O in Ar atmosphere, while ferromagnetism 
cannot be recovered if C-dangling bonds attached with H/OH. These experimental 
results are consistent with the adsorption energies listed in the table. The 
adsorption of H attached with C-dangling bonds in Teflon is too large for C-H 
bond to break when annealed in Ar at 150
o
C, so do C-OH bonds. The H2O 
molecules attached on the C dangling bonds can overcome the adsorption energy 
to desorb at elevated temperature and the ferromagnetism is recovered. 
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Fig. 7.11: (a) Side view of 2D C-dangling bonds of Teflon tape after adsorption of 
H2O molecules with spin-density isosurface. The spin density is defined as the 
difference between spin-up and spin-down electron densities, ρ↑-ρ↓. The blue, red, 
pink and sky blue balls represent the fluorine, carbon, oxygen and hydrogen 
atoms, respectively.  (b) Differential charge density isosurface between C-
dangling bond in 2D of Teflon tape and adsorbed H2O molecule. (c) Spin-
polarized density of states (DOS) of 2D C-dangling bonds adsorbed by H2O 
molecules with Fermi energy indicated by dash line. 
 
In addition, the experimental results have shown that the formation of C-H 
bond during annealing under a high H2 partial pressure permanently eliminates 
ferromagnetism (Fig. 7.9 (b)).  On the other hand, the vanished ferromagnetism 
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after annealing under steam can be recovered. Therefore, the elimination of 
ferromagnetism by annealing in steam cannot be due to formation of bonds 
between the under-coordinated C and H or OH. To clarify this issue, we 
performed further calculations to examine the possible attachment of water 
molecules to the C dangling bonds as well as the possible magnetic ordering.  It is 
found that a stable structure with formation energy of 0.4 eV can be formed when 
the H ions of the water molecule face F ions and the O ion is next to the under-
coordinated C atom, as shown in Fig. 7.10 (b). Results of the calculations also 
show that the energy difference between ferromagnetic and antiferromagnetic 
states is greatly reduced and a weak antiferromagnetism is favorable, as shown in 
(see also Fig. 7.11). It is noted that the calculated adsorption energy (0.4 eV) of 
water molecule to the end of the Teflon chain is close to the experimentally 
determined value of 0.2 eV (Fig. 7.12). The relatively weak interaction between 
C-dangling bond and H2O is thus the reason that ferromagnetism in Teflon tape 
can be recovered by annealing at elevated temperatures in Ar after it is eliminated 
by annealing in steam, since the subsequent annealing in Ar evaporates the 
attached water molecules. 










C) and (b) fitted activation energy Ea by the 
formula: M=M0(-Ea/kT), where M is saturation magnetization at a particular 
temperature, and M0 is the saturation magnetization after 150
o
C Ar annealing and 
Ea is activation energy to break C-H2O bonds. The Ea can be estimated as 0.19 eV.  
 
7.5 Room temperature ferromagnetism of Polyethylene  
If ferromagnetism can be created in Teflon tape by simple stretching, heating 
and cutting, it is natural to ask whether ferromagnetic coupling can also be 
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established in other polymers using these methods and whether this is a common 
phenomenon. To answer this question, similar experiments on two kinds of 
polyethylene (PE, -(CH2)n-) sheets (pure high-density HDPE and low-density 
LDPE purchased form Sigma-Aldrich) were carried out. Both HDPE and LDPE 
polyethylene sheets were found to show room temperature ferromagnetism after 
being cut under pure N2 or Ar. However, when it is cut in air, the sample is 
nonmagnetic. In addition, ferromagnetism was not observed after the sample is 
cut under 0.1% H2/Ar or 2.5% H2/Ar. These results may suggest that the C-H 
bond could be easily formed in polyethylene. Once the ferromagnetism is 
eliminated, further annealing under Ar at 50 and 80 °C respectively (just below 
the melting temperature of approximately 100 °C) does not lead to recovery of 
ferromagnetism. The first principles calculations on PE indicate that the 
ferromagnetic ordering can be realized in the 2D network of C-dangling bonds, 
similar to that of Teflon, and the ferromagnetic ordering collapses if these C-
dangling bonds are saturated by H ions. As ferromagnetism in polyethylene is 
unstable in air, mechanical stretching was not carried out on polyethylene samples 
(HDPE and LDPE). 
 
7.6 Summary 
In summary, room temperature ferromagnetism has been observed in Teflon 
tape after mechanical stretching, cutting or annealing.  The magnetic moments 
originate from C-dangling bonds and ferromagnetism is established through a 
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relatively strong coupling between neighboring C-dangling bonds in the 2D 
network formed in the cross-section of broken Teflon, or its vicinity. After a 
Teflon tape is cut, a relatively uniform 2D ferromagnet appears in the cross-
sectional plane, as the measured magnetization is very close to the expected 
magnetization if all Teflon chains across the plane are broken and a 2D C-
dangling bonds is formed in the cross-section. The ferromagnetism in Teflon tape 
after mechanical stretching is not uniform, and it is likely due to exchange 
coupling between connected C-dangling bonds which form chains or concentrate 
on surfaces of strain-induced lateral voids. The ferromagnetism can be eliminated 
when the Teflon tape is exposed to H2 due to the formation of C-H bond or by 
adsorption of water molecules. However, the ferromagnetism in the latter can be 
recovered through annealing while that in the former is permanently eliminated. 
Room temperature ferromagnetism can also be realized in polyethylene sheets by 
cutting under N2 or Ar atmosphere, even though it is unstable in air, possibly due 
to formation of C-H bonds, suggesting that ferromagnetism may be produced by 
simply stretching or cutting in all polymer systems. Our work explains the 
ferromagnetism in polymers that may have been observed by many research 
groups worldwide, whereas the mechanism has not been understood. 
This work demonstrates formation of a new type of ferromagnet – 2D C-
dangling bond network in a polymeric material.  By simply stretching or cutting a 
carbon based material or a polymers/organic material, one can easily create a 
ferromagnetic structure. Our work has shown that C-dangling bonds are relatively 
stable in Teflon.  The adsorption and removal of water molecule can be explored 
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to realize an on/off switching device.  Furthermore, C-dangling bond structures 
may be created through cleave engineering and protected by coating. This may 
lead to nano-magnetic designs in polymeric and molecular materials for various 
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8 Chapter 8 Conclusion and future work 
8.1 Conclusion 
In this thesis, ZnO based magnetic oxides and carbon based systems for 
spintronics applications have been investigated. Through extensive searching of 
promising ZnO-based magnetic materials, Co doped ZnO, Al doped ZnO, Pt 
doped ZnO, and (C, N) codoped ZnO are potential host materials for spintronics 
devices. The mechanisms may be different in these systems. However, it is 
realized that the ferromagnetism does not originate from the magnetic phase 
segregation or carriers mediated ferromagnetism. The mechanism of 
ferromagnetism becomes more clear. The charge transfer model and p-p 
interaction model are valid to explain room temperature ferromagnetism in Al 
doped ZnO and (C, N) co-doped ZnO respectively. More importantly, it requires 
the presence of structural defects such as O vacancies and metal clusters in ZnO 
films to induce ferromagnetism above room temperature. The result is consistent 
with both theoretical and experimental results for ferromagnetism generated in 
Teflon tape and other polymers (eg PE). In the Teflon tape, the ferromagnetism is 
induced and can be explained as the interaction of C dangling bonds. The detailed 
results can be summarized below: 
1) Room temperature ferromagnetisms (RTFM) have been observed in both Co 
doped ZnO and Fe doped In2O3 films. The values of saturation 
magnetizations (Ms) are highly correlated with the doping concentrations of 
magnetic ions. The highest Ms of Co doped ZnO film reaches 3.7 emu/cm
3
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with Co=10%. In Fe doped In2O3 films, the maximum saturation 
magnetization is  8.2 emu/cm
3
 with Fe=15%. There are no magnetic clusters 
found in ZnO: Co (10%) and In2O3: Fe (15%) films. The saturation moment 
is also independent to the carrier density. Vacuum annealing enhances 
ferromagnetic properties due to formation of structural defects such as 
oxygen vacancies. The carrier mediated ferromagnetism is also ruled out as a 
possible origin of ferromagnetism.  
2) RTFM has been successively found in non-magnetic elements doped ZnO 
films. The ferromagnetism induced by magnetic dopants segregation has been 
ruled out as a possible ferromagnetism origin as these films are free of 
intentionally-doped magnetic ions. Metallic Al, Pt or Zn doped ZnO films 
show ferromagnetism. The Curie temperature is above 300K as determined 
by FC-ZFC analysis. However, there is no RTFM is found in Ag or Au doped 
ZnO films. The ferromagnetism is attributed to the interaction of metal 
clusters and ZnO matrix. The charge transfer model proposed by Coey is 
quite well to explain the high temperature ferromagnetism in metal Al doped 
ZnO as charge transfer has been observed in between Al and ZnO matrix by 
XPS study. Furthermore, room temperature ferromagnetisms are also 
observed in ZnO-Al2O3 and ZnO-MgO films. The highest saturation of 
magnetization is observed in the (Zn0.70, Al0.30)O film and (Zn0.80, Mg0.20)O 
film respectively. The ferromagnetism is independent to the carrier density in 
the films. Thus the ferromagnetism cannot be attributed to the carrier 
mediated ferromagnetism. The structural defects have been detected by 
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Raman and PL characterizations in both (Zn, Al)O and (Zn, Mg)O films. The 
ferromagnetism is correlated with the defects density in the film. Therefore, 
the structural defects such as oxygen vacancies should play a crucial role to 
induce ferromagnetism. Further annealing of (Zn0.70, Al0.30)O films and 
(Zn0.80, Mg0.20)O films in vacuum enhance the ferromagnetic property 
supports defects-induced ferromagnetism. The exact mechanism to induce 
ferromagnetism in these films is still not clear. Either donor impurity band 
model and or charge transfer model is a possible mechanism to explain 
RTFM.  
3) RTFM has been observed in Pt NCs/(Al2O3, ZnO or SnO2) films while no 
ferromagnetism has been found in Pt NCs/(MgO or SiO2) films. The 
ferromagnetism is dependent on Pt NC size and matrix. The ferromagnetic 
films are all conductive. The surface spins of Pt NCs mediated by hopping 
electrons via RKKY coupling may be attributed to the RTFM. For Pt (25 
mol%)/Al2O3 film,  thermal activated charge transport is dominant at high 
temperature region while hopping conduction is dominant at low temperature 
region. Pt doped Al2O3 or Pt doped SnO2 are potential candidates of host 
materials for spintronics devices as well. They are ferromagnetic and 
conductive with low resistivity at room temperature. Furthermore, small Pt 
clusters are quite oxidation resistant and stable for a relatively long duration.   
4) RTFM has been observed in C doped ZnO films with highest saturation 
magnetization of 1.1 emu/cm
3
 with corresponding C doping concentration of 
2%. The ferromagnetism can be explained by the interaction of C 2p and O 
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2p states. The ferromagnetism is enhanced by C and N co-doping into ZnO 
films. The highest saturation magnetization reaches  2.2 emu/cm
3
 with 
corresponding C concentration of 2% and N concentration of 0.12% in ZnO 
films. The mechanism of the enhanced ferromagnetism is confirmed by the 
first principles study, which is attributed to (1) the spin-polarized N p states 
contributing to the overall magnetic moment, and the broadened C p states 
around the Fermi level due to interaction with N, leading to more stable spin-
polarized state and (2) the generation of additional holes by N substitution 
mediating ferromagnetic coupling among structural defects.  
5) RTFM has been observed in some C derivatives such as Teflon tape and 
Polyethylene (PE) after mechanical stretching, cutting or annealing. The 
ferromagnetism can be eliminated when the Teflon tape is exposed to H2 due 
to the formation of C-H bond or by adsorption of water molecules. The 
ferromagnetism in the latter can be recovered through annealing while that in 
the former is permanently eliminated. Room temperature ferromagnetism can 
also be realized in polyethylene sheets by cutting under N2 or Ar atmosphere, 
even though it is unstable in air, possibly due to formation of C-H bonds, 
suggesting that ferromagnetism may be produced by simply stretching or 
cutting in all polymer systems. The first principles calculations have shown 
that the magnetic moments originate from C-dangling bonds and 
ferromagnetism is established through strong coupling between neighboring 
C-dangling bonds in the 2D network formed in the cross-section of broken 
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Teflon or Polyethylene. This work also demonstrates the formation of a new 
type of ferromagnet – 2D C-dangling bond network. 
 
8.2 Future work 
Future work primarily focus on two main research areas. First, design and 
fabrication of practical spintonrics devices such as a magnetic tunneling junction 
(MTJ) will be carried out, based on the current promising materials for spintronics. 
Second, as the mechanism of ferromagnetism in ZnO or C based systems is still 
not clear, further investigations on the origin of ferromagnetism will be continued. 
The detailed future plans are listed as following.  
(1) Co doped ZnO and Fe doped In2O3 films show room temperature 
ferromagnetism (RTFM). The ferromagnetism originating from formation of 
magnetic impurities phase has been ruled out. Although the exact mechanism 
of ferromagnetism is still not clear or even under strong debate, these 
promising experimental results shine the light on the design and fabrication of 
spintronics devices using doped ZnO or In2O3 host materials. The simple ZnO 
based device for spintronics application is a magnetic tunneling junction 
(MTJ) where an insulating ZnO film is sandwiched in between ZnO: Co 
(10%) films. To deposit an undoped ZnO film, sputtering technique should be 
used instead of PLD as the ZnO film deposited by PLD in generally is 
conductive. The out of plane magnetoreistance (MR) can be measured by the 
magnetic property measurement system (MPMS). A MTJ based on Fe doped 
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In2O3 can also be fabricated with a similar structure as a Co doped ZnO based 
MTJ. The MR value may be higher as the saturation magnetization of the 
former is twice than of the latter.  
(2) As mentioned in the introduction part, there are still many mechanisms under 
strong debate to explain room temperature ferromagnetism in magnetic 
oxides. Through the detailed study of ferromagnetism of different ZnO 
related films in this thesis, two mechanisms have been ruled out as possible 
origins of ferromagnetism. They are carrier mediated ferromagnetism and 
magnetic phase induced ferromagnetism (eg magnetic Co clusters). The exact 
ferromagnetism is still not clear and this topic is still under extensive research. 
Until now, there is no single mechanism can explain all ferromagnetic 
phenomena in magnetic oxides. Therefore, further investigation of the origin 
of ferromagnetism is still required, both from experimental work and 
theoretical study (first principles calculations), in order to guide the 
fabrication of spintronics devices.  
(3) The ferromagnetism in ZnO related films is correlated with structural defects. 
Particularly, ferromagnetism can always be enhanced by vacuum annealing or 
deposited in vacuum conditions, where more defects such as oxygen 
vacancies are generally created in the films. Therefore, structural defects 
really play a crucial role to induce RTFM. Unfortunately, the exact type of 
structural defect has not been indentified yet and how these structural defects 
cause ferromagnetism has not been fully understood. Therefore, to determine 
which type of structural defects can induce RTFM by performing an novel 
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experiment with valid theoretical support will definitely give a high impact in 
this field. Typical advanced techniques to determine the type of defects 
including extended x-ray absorption fine structure (XAFS), x-ray magnetic 
circular dichroism (XMCD) and electron energy loss spectroscopy (EELS). 
Furthemore, spintronics devices can also be proposed using defects 
engineering (introducing defects clusters into the host material) to induce 
room temperature ferromagnetism. 
(4) Defects-induced ferromagnetism has been proven in ZnO related films. 
Therefore, it is very interesting to perform a systematic study for magnetic 
properties of other oxide (eg SnO2) films with intentionally created defects 
through annealing in high vacuum or implanting of foreign atoms. 
(5) (C, N) codoped ZnO films have been experimentally proven to possess 
RTFM and the films become insulating with more N dopants. Therefore, (C, 
N) co-doped ZnO is a promising candidate for multiferroic applications. The 
initial work I have done showed that the leakage current of (C, N) co-doped 




 at 0.5 
V). The film shows a hysteresis in both polarization-electric (P-E) and 
magnetization-field (M-H) measurements. Further work can be continued to 
optimize the PLD deposition conditions including N doping concentration 





[1] S. A. Wolf et al., Science 294, 1488 (2001). 
[2] B. Huang, D. J. Monsma, and I. Appelbaum, Phys. Rev. Lett. 99 (2007). 
[3] T. Dietl et al., Science 287, 1019 (2000). 
[4] M. Tanaka, J. Cryst. Growth 278, 25 (2005). 
[5] Y. Ohno et al., Nature 402, 790 (1999). 
[6] B. Beschoten et al., Phys. Rev. Lett. 83, 3073 (1999). 
[7] H. Ohno et al., Nature 408, 944 (2000). 
[8] H. Ohno et al., Appl. Phys. Lett. 69, 363 (1996). 
[9] T. Dietl, Nat Mater 9, 965 (2010). 
[10] K. Ueda, H. Tabata, and T. Kawai, Appl. Phys. Lett. 79, 988 (2001). 
[11] Y. Belghazi et al., J. Appl. Phys. 105 (2009). 
[12] T. Dietl et al., Phys. Rev. B 76 (2007). 
[13] H. J. Lee et al., Appl. Phys. Lett. 81, 4020 (2002). 
[14] M. Gacic et al., Phys. Rev. B 75 (2007). 
[15] S. Q. Zhou et al., Phys. Rev. B 77 (2008). 
[16] T. Tamura, and H. Ozaki, J. Phys.-Condes. Matter 21 (2009). 
[17] P. Gopal, and N. A. Spaldin, Phys. Rev. B 74 (2006). 
[18] N. H. Hong et al., Phys. Rev. B 72 (2005). 
[19] H. S. Hsu et al., Appl. Phys. Lett. 88 (2006). 
[20] Q. Liu et al., Appl. Phys. Lett. 92 (2008). 
[21] J. H. Park et al., Appl. Phys. Lett. 84, 1338 (2004). 
[22] W. S. Yan et al., J. Appl. Phys. 108 (2010). 
[23] E. Biegger et al., J. Appl. Phys. 101, 073904 (2007). 




[25] T. Shi et al., Appl. Phys. Lett. 96, 211905 (2010). 
[26] J. Alaria et al., Appl. Phys. Lett. 88 (2006). 
[27] G. Lawes et al., Phys. Rev. B 71 (2005). 
[28] C. N. R. Rao, and F. L. Deepak, Journal of Materials Chemistry 15, 573 
(2005). 
[29] S. Yin et al., Phys. Rev. B 73 (2006). 
[30] H. Pan et al., Phys. Rev. Lett. 99 (2007). 
[31] Y. W. Ma et al., Appl. Phys. Lett. 95 (2009). 
[32] Y. W. Ma et al., IEEE Trans. Magn. 46, 1338 (2010). 
[33] J. B. Yi et al., Adv. Mater. 20, 1170 (2008). 
[34] M. D. McCluskey, and S. J. Jokela, J. Appl. Phys. 106 (2009). 
[35] N. H. Hong, J. Sakai, and V. Brize, J. Phys.-Condes. Matter 19 (2007). 
[36] L. Schmidt-Mende, and J. L. MacManus-Driscoll, Mater. Today 10, 40 
(2007). 
[37] H. Ohno et al., Phys. Rev. Lett. 68, 2664 (1992). 
[38] C. Zener, Physical Review 83, 299 (1951). 
[39] C. Zener, Physical Review 81, 440 (1951). 
[40] T. Dietl, H. Ohno, and F. Matsukura, Phys. Rev. B 63 (2001). 
[41] S. J. Pearton et al., J. Appl. Phys. 93, 1 (2003). 
[42] M. Zajac et al., Appl. Phys. Lett. 78, 1276 (2001). 
[43] Y. L. Soo et al., Appl. Phys. Lett. 79, 3926 (2001). 
[44] C. B. Fitzgerald et al., Phys. Rev. B 74 (2006). 
[45] A. Ney et al., Phys. Rev. B 82 (2010). 
[46] D. P. Norton et al., Appl. Phys. Lett. 83, 5488 (2003). 




[48] J. M. D. Coey, M. Venkatesan, and C. B. Fitzgerald, Nat. Mater. 4, 173 
(2005). 
[49] A. C. Durst, R. N. Bhatt, and P. A. Wolff, Phys. Rev. B 65, 235205 (2002). 
[50] D. D. Awschalom, and M. E. Flatte, Nat. Phys. 3, 153 (2007). 
[51] Y. H. Lin et al., Appl. Phys. Lett. 90 (2007). 
[52] A. Kaminski, and S. Das Sarma, Phys. Rev. Lett. 88, 247202 (2002). 
[53] P. Stamenov et al., J. Appl. Phys. 99 (2006). 
[54] J. M. D. Coey, Curr. Opin. Solid State Mat. Sci. 10, 83 (2006). 
[55] S. B. Ogale et al., Phys. Rev. Lett. 91 (2003). 
[56] A. F. Orlov et al., Jetp Lett. 86, 352 (2007). 
[57] M. Venkatesan, C. B. Fitzgerald, and J. M. D. Coey, Nature 430, 630 
(2004). 
[58] D. Q. Gao et al., J. Appl. Phys. 105 (2009). 
[59] A. Sundaresan et al., Phys. Rev. B 74 (2006). 
[60] A. Sundaresan, and C. N. R. Rao, Nano Today 4, 96 (2009). 
[61] M. A. Garcia et al., Nano Letters 7, 1489 (2007). 
[62] J. M. D. Coey et al., J. Phys. D-Appl. Phys. 41 (2008). 
[63] J. M. D. Coey et al., New J. Phys. 12 (2010). 
[64] B. B. Straumal et al., Phys. Rev. B 79, 205206 (2009). 
[65] J. S. Garitaonandia et al., Nano Letters 8, 661 (2008). 
[66] J. B. Yi et al., J. Appl. Phys. 105 (2009). 
[67] K. R. Kittilstved, and D. R. Gamelin, J. Am. Chem. Soc. 127, 5292 (2005). 
[68] P. Crespo et al., Phys. Rev. Lett. 93 (2004). 
[69] P. Zhang, and T. K. Sham, Appl. Phys. Lett. 81, 736 (2002). 
[70] P. Zhang, and T. K. Sham, Phys. Rev. Lett. 90 (2003). 




[72] T. S. Herng et al., Appl. Phys. Lett. 95 (2009). 
[73] S. Q. Zhou et al., Appl. Phys. Lett. 93 (2008). 
[74] X. J. Ye et al., Phys. Lett. A 374, 496 (2010). 
[75] S. T. Tan et al., Appl. Phys. Lett. 91 (2007). 
[76] F. Pan et al., Mater. Sci. Eng. R-Rep. 62, 1 (2008). 
[77] G. Binasch et al., Phys. Rev. B 39, 4828 (1989). 
[78] M. N. Baibich et al., Phys. Rev. Lett. 61, 2472 (1988). 
[79] R. Fiederling et al., Nature 402, 787 (1999). 
[80] C. Chappert, A. Fert, and F. N. Van Dau, Nat. Mater. 6, 813 (2007). 
[81] J. M. Daughton, J. Appl. Phys. 81, 3758 (1997). 
[82] B. Engel, IEEE Trans. Magn. 41, 132 (2005). 
[83] J. S. Moodera et al., Phys. Rev. Lett. 74, 3273 (1995). 
[84] T. Miyazaki, and N. Tezuka, J. Magn. Magn. Mater. 139, L231 (1995). 
[85] S. S. P. Parkin, Nature Mater. 3, 862 (2004). 
[86] S. Yuasa et al., Nature Mater. 3, 868 (2004). 
[87] S. Datta, and B. Das, Appl. Phys. Lett. 56, 665 (1990). 
[88] K. C. Hall et al., Appl. Phys. Lett. 83, 2937 (2003). 
[89] N. Mott, Adv. Phys. 13, 325 (1964). 
[90] S. Yuasa et al., Nat. Mater. 3, 868 (2004). 
[91] C. Gould et al., Adv. Mater. 19, 323 (2007). 
[92] J. Wenisch et al., Phys. Rev. Lett. 99 (2007). 
[93] D. Chiba, F. Matsukura, and H. Ohno, J. Phys. D-Appl. Phys. 39, R215 
(2006). 
[94] S. H. Chun et al., Phys. Rev. B 66 (2002). 




[96] T. Dietl, and H. Ohno, Mater. Today 9, 18 (2006). 
[97] T. Jungwirth et al., Rev. Mod. Phys. 78, 809 (2006). 
[98] T. Jungwirth et al., Phys. Rev. B 73 (2006). 
[99] C. Song et al., Phys. Rev. B 73 (2006). 
[100] P. Sati et al., Phys. Rev. Lett. 96 (2006). 
[101] J. Anghel et al., J. Appl. Phys. 107 (2010). 
[102] S. Ramachandran, A. Tiwari, and J. Narayan, Appl. Phys. Lett. 84, 5255 
(2004). 
[103] C. Song et al., Appl. Phys. Lett. 91 (2007). 
[104] S. Ramachandran et al., Solid State Commun. 145, 18 (2008). 
[105] S. J. Pearton et al., Prog. Mater. Sci. 50, 293 (2005). 
[106] K. C. Hall, and M. E. Flatte, Appl. Phys. Lett. 88 (2006). 
[107] M. Julliere, Phys. Lett. A 54, 225 (1975). 
[108] C. Klingshirn, ChemPhysChem 8, 782 (2007). 
[109] Q. Y. Xu et al., Physica B 406, 19 (2011). 
[110] T. Dietl, Nat. Mater. 2, 646 (2003). 
[111] A. Bonanni, Semicond. Sci. Technol. 22, R41 (2007). 
[112] J. M. D. Coey, Solid State Sci. 7, 660 (2005). 
[113] K. Nakada et al., Phys. Rev. B 54, 17954 (1996). 
[114] Y. W. Son, M. L. Cohen, and S. G. Louie, Nature 444, 347 (2006). 
[115] T. L. Makarova et al . Nature, 413, 716-718 (2001). Retraction, Nature 
440, 770 (2006). 
[116] A. N. Andriotis et al., Phys. Rev. Lett. 90, 026801 (2003). 
[117] M. M. Ugeda et al., Phys. Rev. Lett. 104, 096804 (2010). 
[118] J. M. D. Coey et al., Nature 420, 156 (2002). 




[120] X. M. Yang et al., Carbon 47, 1399 (2009). 
[121] Z. Zanolli, and J. C. Charlier, Phys. Rev. B 81, 165406 (2010). 
[122] Y. H. Kim et al., Phys. Rev. B 68, 125420 (2003). 
[123] D. B. Chrisey, and G. K. Hubler, Pulsed laser deposition of thin films (J. 
Wiley New York 1994). 
[124] B. D. Cullity, and S. R. Stock, Elements of X-ray Diffraction (Prentice 
Hall, 2001). 
[125] P. J. Goodhew, J. Humphreys, and R. Beanland, Electron microscopy and 
analysis (Taylor & Francis, London, 2001). 
[126] J. F. Moulder et al., Handbook of X-ray Photoelectron Spectroscopy 
(Perkin-Elmer Corperation, Eden Prairie, Minnesota, 1993). 
[127] C. V. Raman, and K. S. Krishnan, Nature 121, 501 (1928). 
[128] D. K. Schroder, Semiconductor material and device characterization (A 
Wiley-Interscience publication, NY, 2006). 
[129] S. Foner, and H. H. Kolm, Review of Scientific Instruments 28, 799 
(1957). 
[130] R. E. Sarwinski, Cryogenics 17, 671 (1977). 
[131] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Physical Review 108, 1175 
(1957). 
[132] J. G. Bednorz, and K. A. Muller, Z. Phys. B-Condens. Mat. 64, 189 (1986). 
[133] R. B. Stephens, and R. L. Fagaly, Cryogenics 31, 988 (1991). 
[134] B. D. Josephson, Physics Letters 1, 251 (1962). 
[135] J. Antony et al., IEEE Trans. Magn. 42, 2697 (2006). 
[136] T. Fukumura et al., Appl. Phys. Lett. 75, 3366 (1999). 
[137] S. Kolesnik, B. Dabrowski, and J. Mais, J. Appl. Phys. 95, 2582 (2004). 
[138] L. Yan, C. K. Ong, and X. S. Rao, J. Appl. Phys. 96, 508 (2004). 
[139] H. Munekata et al., J. Appl. Phys. 81, 4862 (1997). 




[141] D. Iusan et al., Phys. Rev. B 78 (2008). 
[142] A. J. Sievers, and M. Tinkham, Physical Review 129, 1566 (1963). 
[143] E. C. Lee, and K. J. Chang, Phys. Rev. B 69 (2004). 
[144] X. H. Xu et al., Appl. Phys. Lett. 94 (2009). 
[145] S. M. Yan et al., J. Magn. Magn. Mater. 323, 264 (2011). 
[146] G. Peleckis, X. L. Wang, and S. X. Dou, Appl. Phys. Lett. 88 (2006). 
[147] S. J. Hu et al., Appl. Phys. Lett. 91 (2007). 
[148] S. C. Li et al., Appl. Phys. Lett. 95, 102101 (2009). 
[149] Y. K. Yoo et al., Appl. Phys. Lett. 86, 042506 (2005). 
[150] J. He et al., Appl. Phys. Lett. 86, 052503 (2005). 
[151] A. J. Behan et al., Phys. Rev. Lett. 100 (2008). 
[152] H. Akai, Phys. Rev. Lett. 81, 3002 (1998). 
[153] T. T. Loan, N. N. Long, and L. H. Ha, J. Phys. D-Appl. Phys. 42 (2009). 
[154] B. C. Zhao et al., Appl. Phys. Lett. 93, 222506 (2008). 
[155] S. R. Shinde et al., Phys. Rev. Lett. 92, 166601 (2004). 
[156] G. Osorio et al., Phys. Rev. Lett. 96, 107203 (2006). 
[157] H. Pan et al., Phys. Rev. Lett. 99, 127201 (2007). 
[158] Y. W. Ma et al., Appl. Phys. Lett. 93 (2008). 
[159] J. Ding, and Y. W. Ma, in Frontiers in Physics, edited by S. P. Chia, M. R. 
Muhamad, and K. Ratnavelu (Amer Inst Physics, Melville, 2009), pp. 116. 
[160] S. Cornelius et al., Appl. Phys. Lett. 94, 042103 (2009). 
[161] J. G. Lu et al., J. Appl. Phys. 100, 073714 (2006). 
[162] Y. L. Liu et al., J. Phys.-Condes. Matter 20 (2008). 
[163] W. Chen et al., Adv. Funct. Mater. 17, 1339 (2007). 




[165] N. H. Hong et al., Phys. Rev. B 73 (2006). 
[166] N. H. Hong, N. Poirot, and J. Sakai, Phys. Rev. B 77 (2008). 
[167] C. L. Du et al., J. Appl. Phys. 99 (2006). 
[168] C. L. Du et al., J. Appl. Phys. 103 (2008). 
[169] J. M. Calleja, and M. Cardona, Phys. Rev. B 16, 3753 (1977). 
[170] Z. Yan et al., Appl. Phys. Lett. 92 (2008). 
[171] N. Tian et al., Science 316, 732 (2007). 
[172] R. J. Tseng et al., Nano Letters 5, 1077 (2005). 
[173] T. S. Ahmadi et al., Science 272, 1924 (1996). 
[174] M. Q. Zhao, and R. M. Crooks, Adv. Mater. 11, 217 (1999). 
[175] P. A. Brugger et al., J. Am. Chem. Soc. 103, 320 (1981). 
[176] B. Sampedro et al., Phys. Rev. Lett. 91 (2003). 
[177] J. Zhang et al., Nano Letters 7, 2370 (2007). 
[178] X. Liu et al., Phys. Rev. Lett. 97 (2006). 
[179] H. T. Zhang et al., Langmuir 24, 13197 (2008). 
[180] J. Q. Yuan et al., Nanotechnology 21 (2010). 
[181] S. C. Li et al., Appl. Phys. Lett. 95 (2009). 
[182] E.-Z. Liu, Y. He, and J. Z. Jiang, Appl. Phys. Lett. 93, 132506 (2008). 
[183] M. A. Rafiq et al., J. Appl. Phys. 100 (2006). 
[184] E. Simanek, Solid State Commun. 40, 1021 (1981). 
[185] H. E. Romero, and M. Drndic, Phys. Rev. Lett. 95 (2005). 
[186] P. Sheng, and J. Klafter, Phys. Rev. B 27, 2583 (1983). 
[187] G. F. Hohl et al., J. Appl. Phys. 78, 7130 (1995). 
[188] J. Fernandez-Rossier et al., Phys. Rev. B 72 (2005). 




[190] N. Y. Garces et al., Appl. Phys. Lett. 80, 1334 (2002). 
[191] T. S. Herng et al., J. Phys.-Condes. Matter 19 (2007). 
[192] K. Tang et al., Appl. Phys. Lett. 95 (2009). 
[193] G. X. Hu et al., Appl. Phys. Lett. 89 (2006). 
[194] S. Bertaina et al., Nature 453, 203 (2008). 
[195] M. N. Leuenberger, and D. Loss, Nature 410, 789 (2001). 
[196] R. Jain et al., Nature 445, 291 (2007). 
[197] J. M. Manriquez et al., Science 252, 1415 (1991). 
[198] S. Ferlay et al., Nature 378, 701 (1995). 
[199] V. Alek Dediu et al., Nat. Mater. 8, 707 (2009). 
[200] J. Cervenka, M. I. Katsnelson, and C. F. J. Flipse, Nat. Phys. 5, 840 (2009). 
[201] P. Esquinazi et al., Phys. Rev. B 66, 024429 (2002). 
[202] A. L. Friedman et al., Phys. Rev. B 81, 115461 (2010). 
[203] H. H. Xia et al., Adv. Mater. 20, 4679 (2008). 
[204] Y. Kaburagi, and Y. Hishiyama, J. Mater. Res. 17, 2000 (2002). 
[205] G. Kresse, and J. Furthmuller, Phys. Rev. B 54, 11169 (1996). 
[206] J. P. Perdew et al., Phys. Rev. B 46, 6671 (1992). 
[207] H. J. Monkhorst, and J. D. Pack, Phys. Rev. B 13, 5188 (1976). 
[208] C. W. Bunn, and E. R. Howells, Nature 174, 549 (1954). 
[209] J. Barzola-Quiquia et al., Phys. Rev. B 76, 161403 (2007). 
[210] P. O. Lehtinen et al., Phys. Rev. Lett. 91 (2003). 
[211] R. B. Little, and R. Goddard, J. Appl. Phys. 95, 2702 (2004). 
[212] Q. Du et al., Phys. Rev. Lett. 70, 2313 (1993). 
[213] J. Soria et al., J. Phys. Chem. C 111, 10590 (2007). 




[215] E. J. Duplock, M. Scheffler, and P. J. D. Lindan, Phys. Rev. Lett. 92, 
225502 (2004). 
  
  
  
